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ABSTRACT

The rate of heat transfer in a cooling on a high temperature steel strip by an impinging
water jet depends on various important factors, which mainly include the velocity of
water jet impingement on the cooling surface, the initial temperature of steel strip, the
temperature difference between cooling water and cooling surface, and the cooling
surface conditions, etc. A good deal of experimental and computational work had been
done to study the effects of these factors on the heat transfer rate in this current study.
The objective of this study is to clarify the heat transfer characteristics during the
cooling process by water jet impingement.

Experimental study is mainly focused in this thesis. The selected test conditions are: 1)
water jet impingement velocities, which were obtained by adjusting the water flow rate,
water nozzle diameter and nozzle-to-surface space; 2) three water nozzles with different
size in diameter; nozzle-to-surface spaces; 3) initial steel plate temperatures, which were
obtained from heating the steel plate up in a furnace; and 4) flow visualization study by
the digitized images of heat transfer, which were captured at 1000 frames per second by
a high speed camera.

The major findings and achievements of the presented work include the following: 1)
measurements of transient temperature distribution on the surface of a hot steel plate
during a cooling are successfully achieved by thermocouples. 2) flow visualization

XVII

analysis is carried out to visually study the heat transfer characteristics by a high-speed
camera; 3) programs are written to control the initial plate temperature and water flow
rate, acquire the experimental data, and calculate and analyse the heat transfer results; 4)
the current research presents the experimental results of the effects of jet velocity, initial
temperature on the heat transfer rate.
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Chapter 1

Introduction

With the increasing needs of obtaining a high heat flux in the cooling of high
temperature steel, it is becoming more important to develop effective cooling schemes
in steel industries. These cooling requirements are limited by many restricted industrial
factors, such as available space, coolant selection, local environment conditions and
maximum allowable surface temperature. In addition, the steel production having
desired mechanical and metallurgical properties requires accurate temperature control
during cooling process [Viskanta and Incorpera (1992)].

One of cooling means of achieving higher rate of heat transfer is using water jet
impingement. It has been proven an effective means and widely applied in steel
industries. Compared with the other older cooling methods, it definitely is a rapid steel
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cooling method and reveals an outstanding advantage in improving heat transfer
efficiency in the cooling process of high temperature steel. Wolf, et al. (1993) obtained
that, for single-phase convection, the heat transfer coefficient for water impingement
cooling system exceeds 10kW/m2. Similarly, cooling rate and heat flux on the hot
surface of steel plate are the very important factors that show the quality of the steel
plate.

1.1 Objectives of the research
Steel products have been widely used everywhere in our life, and the quality of the steel
products also determines the quality of our life. The main steel applications include
strip investment, plate mill, and mill cooling [Ruddle and Crawlay (1987)]; quenching
of extrusions, forgings and continuous castings [Chevier, et al. (1981)]; and cooling of
rolls in metal rolling [Tseng and Gunderia (1989)].

For example, the accelerated

cooling is one of the major objectives in steel production, because it proves the
mechanical properties of the final product by providing desired structural changes. In
addition, optimum strength and toughness properties of hot-rolled steel can be achieved
by refining the ferrite grain size and fast conditions through accelerated cooling at
approximately 15 K/s from the initial temperature. An important process parameter used
to control strength and toughness is the finish cooling temperature. To obtain good steel
properties, accelerated cooling is terminated at approximately 500 ºC. Accelerated
cooling also yields a relatively low carbon equivalent so that the weld ability of steel is
improved.

To achieve the desired cooling rate and temperature control for strip metals, several
methods have been developed (see Figure 1.1). And the cooling efficiency (heat
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removal rate per unit volume of water consumed) has been compared by [Tacke, et al.
(1986)]. The results show that planar water jets (such as waterfalls and water curtains)
which span the entire strip are about 50% more efficient than spray nozzles in removing
heat from a strip at 900 ºC with a travelling speed of 10m/s. In addition to providing the
highest specific cooling rate, waterfalls also provide more uniform cooling with respect
to temperature variations across the strip width [Kohring (1985)]. However, recently it
is found that planar water jets (water curtain) tend to over cool the steel plate and the
cooling rate is difficult to control. Although spray cooling is also used extensively to
cool continuous casting and strip metals on a Run-Out table, this option is permitted by
its space limitations.

Laminar
Cooling

Water Curtain
Cooling

Spray
Cooling

Roll
Cooling

Figure 1.1 Schematic of cooling system along a runout table for cooling strip steel

Laminar cooling process consists of array of nozzles and is the preferred way of cooling
hot steel strip used in many hot strip mills today.
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The main objective of this study is to research and find out a feasible and effective
means to improve the cooling efficiency of the cooling process by water jet
impingement. Much work has been done to record and analyse the temperature
distribution within a hot steel plate and the heat flux variety during the cooling process
in this thesis. To achieve these goals, a number of analytical methods were utilised in
conjunction with large numbers of experimental data of water jet impingement under
various experimental conditions, which includes varied water jet figures and plate
conditions, etc. By calculating and analysing the obtained experimental data, it was
possible to conclude the reliable results so as to obtain an optimal approach to improve
the heat transfer efficiency for the water jet impingement cooling.

1.2 The overview of this study
To obtain the optimal approach of getting the higher heat transfer efficiency in the water
jet impingement cooling, all the experimental work, which was to acquire experimental
data that was used to compute and analyse the heat transfer efficiency, was carried out
on a test rig that was simulated to the actual industry used run-out table.

The experimental facilities were composed of a test rig, an industrial furnace and a
temperature control and data acquiring system. The test steel plate was firstly heated up
in the furnace, and then was moved out when the plate temperature reached a prescribed
value. It was immediately put on a test bed within the test rig with a specific position,
and then the water nozzle was turned on and the water jet right impinged the centre
point of the plate. Thermocouples were embedded 1 mm under the top surface of the hot
plate to acquire the data of temperature distribution. Programs were written to control
the whole test process and acquire the temperature data that was saved in .txt files.
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As a first step, the feasibility of this study was investigated and determined from the
theoretic and practical analysis after a plenty of possible surveys relating to this study
were completed, and a reasonable research scheme and process of this study was
brought on.

Type K thermocouple was selected based on the necessary of this study and its
correlative installation to the tested plate was designed as well for the heat transfer
experiments. In addition, a computer system of experimental data acquirement and
temperature control was worked out.

Varied industrial factors that affect the rate of heat transfer were considered in this
study that include water jet impinging velocity, initial plate temperature, water nozzle
diameter, sub-cooling, nozzle-to-surface spacing. The heat transfer characteristics of the
water jet impingement cooling could be made clear after the heat transfer experiments
with varied test conditions.

In addition, to verify and testify the heat transfer process by water jet cooling, a flow
visualization study by a high-speed camera was also involved in this research. Its aim is
to visually observe the whole cooling process by analysing the digitized images of heat
transfer. By this study, it would be possible to measure the actual diameter of water jet
and the diameter of wetted area (the definition of “wetted area” refers chapter 6, 6.4.3:
the diameter of wetted area) on the hot surface.

1.3 The scope of this thesis
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This thesis tries to obtain an effective method to improve the heat transfer efficiency of
the cooling process by water jet impingement. To achieve this goal, a modified test rig
was used to carry out all the heat transfer experiments needed in this study. All the
acquired experimental data and plotted heat transfer curves were used to compare and
obtain the rate of heat transfer under various tested conditions. The initial plate
temperature, cooling water temperature and water jet impingement velocity are the
mainly involved researched work in this study. The flow visualization study was used to
observe the jet impingement cooling process and provide some insights into the flow
field of the jets. Programs were written to calculate and plot the experimental data.

1.4 The organization of this thesis
The first chapter presents a general introduction to this experimental study of water jet
cooling and points out the objectives of this research work.

The second chapter summaries the background of this study and the progresses of recent
related research work carried out by the others. It is also discussed that the feasible
methods for improving the efficiency of the cooling process.

The characteristics of water jet impingement boiling are discussed in the third chapter.
This chapter concerns the theory of jet impingement boiling heat transfer, which
includes the expatiation of various jet boiling forms and the correlative affected factors.
Previous research works are cited as well in this chapter.

Chapter 4 deals with the experimental facilities and procedure. Type K thermocouples
were employed to measure the temperatures distribution at the location 1 mm under the
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top of the plate surface, and the flow rate meter (headland turbine) was used to measure
the flow rate of cooling water from the nozzle. An electronic panel was used to control
the switch on/off of the water pump. The measurement of temperature distribution and
the acquisition of experimental data were finished by the Labview software and DAQ
board.

Data analysis is discussed in the chapter 5. It deals with the initial conditions
establishment, establishing the boundary conditions, constructing the finite difference
(numerical) method and the calculation of heat flux.

Chapter 6 deals with the flow visualization analysis about the cooling by water jet
impingement. A high-speed camera was used to observe and record the whole cooling
process. The digitized images were used to visually study its flow and thermal
characteristics.

Experimental results are discussed in the Chapter 7. By analysing the cooling rate and
heat flux under varied conditions, the effects of water jet velocity and initial
temperature on the heat transfer efficiency will be obtained.

Chapter 8 presents the conclusions and recommendations.
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Chapter 2

Outline of this study

2.1 Introduction
As described in the chapter one, it is more necessary to require accurate temperature
control processing for productions of steel and other metal alloys having desired
mechanical and metallurgical properties. Therefore, the cooling of hot metals is a very
important period in the dominant metal forming process. Figure 2.1 shows the whole
process of hot steel strip mill line. The most main feature of cooling is that it can not
only cool down the hot steel strip, but also obtain the desired mechanical properties by
controlling the temperature process. Various cooling means have been applied in steel
industries until now. As only water jet impingement is mainly considered throughout
this thesis, therefore it will be mainly discussed that the cooling methods and the rate of
heat transfer related to water jet impingement cooling.
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Figure 2.1 Hot steel strip mill line

In addition, as a support to verify the heat transfer characteristics, the flow visualization
analysis of heat transfer is also focused in this study. Correlative research background
and the theory of water jet impingement are firstly and afterwards presented as the
following sections.

2.2 Research background
Although the process of steel manufacturing has been known for several hundred years,
it has only been the last 50 to 100 years that continuous casting and rapid cooling
process has been available and utilized. These types of steel making processes have lead
to greater variety of steels and associated metallic products. It not only produces
different thickness of steel, but also manufactures various different grades of steel.

Chapter Two Outline of This Study

10

Steel is an alloy of Iron (Fe) and Carbon (C) that has different microstructure in various
types of steel products. Historically, carbon used to be the most important chemical
element for strengthening steel, but it has harmful effects on many technological
properties such as weld ability and formability. Therefore, the application of carbonstrengthened steels is rather limited. To achieve the required combination of strength
and toughness necessary for safety in construction, it is often needed to employ
expensive heat treatments such as quenching and tempering.

It has been known that cooling is an invaluable part of steel manufacturing. Through the
application of cooling, it is possible to isolate various combinations of microstructure
and construct a quality steel product. It is also evident that cooling is a critical
component in steel production.

The controlled water cooling process is no other than one of the industrial technology to
achieve this aim. It is clear that a strong knowledge of steel microstructure constituents
is essential if the controlled accelerated cooling process is to be effective applied. Hence,
convective heat transfer coefficients (h) and heat flux (q'') are important control
parameters in obtaining the desired steel properties through this process.

As a significant part during steel producing, the benefits of accelerated cooling process
associated with both economics and environment however can be summarized into
following three aspects:
1. The accelerated cooling process only requires cooling water for a very brief time
period, that is, it is a rapid cooling process. The cooling water can also be used
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circularly in the industrial cooling process. Therefore it offers great advantages
in saving water resource.
2. As it is a rapid cooling process, the accelerated cooling process also gets another
saving associated with power consumption. Considering the primary saving in
water, in the long term, there is less need to account for the costs associated with
energy resource acquisition, transformation and waste product disposal.
3. The accelerated cooling process can trap the required steel microstructure and
strengthen the mixture at the base of adding the specific alloying ingredient such
as copper, magnesium and zinc. Or it can be said that it is not necessary to add
the specific alloying ingredient to strengthen the mixture. To get this goal, it is
very important to control the cooling temperature and cooling rate in the steel
cooling process.

From the previous discussion, it is evident that controlled accelerated cooling process is
essentially the task of assisting and enhancing material/chemical process with a
mechanical procedure. Undoubtedly this leads a number of difficulties, especially in
relation to process condition to process monitoring and parameter control. To reach this
aim, it is essentially necessary to apply the science of thermodynamics, fluid dynamics
and heat transfer.

Various accelerated cooling methods have been developed to cool hot steel recently.
Among them, the most suitable method should be chosen in due consideration of the
cooling purpose as well as the cooling temperature range. As a quick summary, a
description of the three main cooling processes along with their relative advantages has
been provided below.
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2.2.1 Spray cooling
Spray cooling is used extensively in high temperature, such as the steel industry. The
understanding of the spray cooling mechanics is needed for better control of the cooling
rate. Spray nozzles can be classified into several different categories depending on their
method of operation. For hot steel cooling, hydraulic nozzle is typical selected.

This cooling system has a lower specific cooling capacity, and the top and bottom
surfaces of the hot steel plate are not cooled uniformly. In addition, it is known that this
cooling system is very sensitive to the nozzle blockages and requires a great deal of
maintains.

Figure 2.2 Spay cooling

The typical trend of spraying cooing heat flux versus the heater surface temperature is
shown in Figure 2.3. Stewart, et al. (1995) have made note about the spray cooling
system. For high temperature applications, approximate relationships may be developed
but these may need refining on the basis of laboratory or plant information. For
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processes that cool from high temperatures, through Leidenfrost temperature to near
water temperature, the specific nozzle should be tested. Heat removal calculation is not
always accurate in these applications, and the precise relationship between heat transfer
coefficient and surface temperature must be determined.
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Figure 2.3 Effect of liquid flow rate on heat transfer (Spray cooling)
(Stewart, et al. (1995))

2.2.2 Water curtain cooling
This cooling system represents the regime with the highest specific cooling capacity.
Unfortunately with this system, the top and bottom surface of the plate do not cool
uniformly. In addition, this system requires a great amount of water to be effective.
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It is seen from Figure 2.5 [Natsuo, et al. (1989)] that the position of the rapid drop in
temperature as well as the shape of the cooling curves beyond the position is different
from each other according to the depth from the impingement surface and the
longitudinal distance from the water impingement.

Figure 2.4 Water curtain cooling
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Figure 2.5 Numerical cooling curves (Water curtain cooling) of respective mesh points
along the plate thickness direction for the case where Q=36.7 L/min and H=100 mm at
the water impingement position (a), at the position apart 50mm from the impingement
(b) and at the position apart 100mm from the impingement (c).
(Natsuo, et al. (1989))

2.2.3 Laminar jet cooling
The laminar jet cooling method (Figure 2.6) is an established technique for obtaining
the high local heat transfer coefficient between the water and the hot steel plate.
Therefore, this is applicable to the case where hot steel plates are required to be rapidly
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cooled in a relatively short time. This cooing method has widely been introduced to cool
hot sheet steels on a runout table.

Figure 2.6 Laminar jet cooling

The laminar jet cooling equipments installed on the runout table may be divided into the
two different types. One is the conventional (or traditional) strip mill cooling system has
a large number of headers and circular nozzles which are liable to blockage and
therefore require a large maintenance effort. The other is the curtain wall cooling
system that has recently been developed, which consists of a long header transverse to
strip direction and a slit nozzle with a very large aspect ratio.

This particular cooling system allows cooling on both of the top and bottom of the hot
plate. The advantage of this system is (1) high rolling speeds; (2) better heat transfer in
the strip; (3) uniform heat transfer through top and bottom side of steel strip; (4)
uniform heat dissipation across the entire steel strip width; (5) minimum steam
generation, and (6) low maintenance costs.
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In addition to these three main cooling processes, a number of other system including
film cooling, air–vapour cooling and cross spray cooling, are employed by various steel
mills around the global. In a strip mill, many different systems are often utilized along
the length of the strip. This gives greater control over the steel quality and provide
backup system if any one cooling process fails.

Following the brief review above, a simulated and modified laminar jet test rig was
made with this research. The goal is to obtain an effective heat transfer scheme for
improving cooling rates and temperature distributions during the hot steel cooling
process. The results of this study will also provide an effective and economical base by
which the steel industries could process steel production perfectly.

2.3 Water jet impingement theory
2.3.1 Why is accelerated cooling so important
Essentially accelerated steel cooling is a process by which hot steel is cooled to
expected temperature distributions via rapid cool water impingement on the steel
surface. In the last 20-30 years, the accelerated cooling has become an important part of
steel mills all around the world. This is basically due to the fact that accelerated cooling
processes have the ability to:
1. Reduce energy and water consumption.
2. Reduce raw material consumption.
3. Reduce overall production costs.

Essentially, the accelerated cooling mechanisms replace material/chemical process with
a mechanical process. By rapid cooling the steel, it is possible to obtain certain desirable
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steel microstructure constituents. Consequently different grades of steel can be replaced
without the addition of alloying ingredients, such as magnesium and nickel.

To obtain the desired grade of steel through this process, it is essential that a thorough
analysis be carried out. In addition, this analysis involves fundamental knowledge of
fluid mechanics and heat transfer principles, therefore must be appropriately carried out
by mechanical engineers.

Through the analysis of this research, it is possible to determine the temperature within
the steel plate along with the heat flux from a control volume. Furthermore it is also
desired to find out a relationship between the heat flux and certain dimensionless
parameters, such as dimensionless radial distance, r* (r* = r/D), and dimensionless
cooling time, t* (t* = tg/Vj).

2.3.2 Water jet impingement theory
Water jets may normally be used to achieve enhanced coefficients for convective heat
transfer by impinging on the hot steel surface. As shown in Figure 2.7, water jet is
typically discharged into a quiescent ambient from a nozzle. Typically, the jet is
turbulent and, at the nozzle exit, is characterized by a uniform velocity profile. With
increasing distance from the exit, the momentum exchange between the water jet and
the surrounding air causes the free surface boundary of the water jet to be broadened
and the potential core, within which the velocity distribution is uniform, to be
contracted as the water flow continue away from the nozzle. Downstream of the
potential core the velocity profile is nonuniform over the entire water jet cross-section
and the maximum velocity decreases with increasing distance from the nozzle exit. The
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region of the flow over which conditions are unaffected by the impingement surface is
termed the free jet.

For water jet impingement cooling processes, there are a number of empirical models
and theories relating to the way in which the steel section is cooled. In general, there are
two key assumptions, which relate to the accelerated cooling of steels:
1. There is no boiling present on the steel surface. [Incropera and Dewitt, (1996)].
2. Stable film boiling is present on the steel surface.

(Tw, Vn)

(Ts, Vj)
Figure 2.7 Surface impingement of a single round or slot water jet
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where Tw and Ts is the water jet temperature at nozzle exit and initial plate temperature,
accordingly; Vn and Vj is the jet velocity from nozzle exit and impinging on the target
surface, accordingly.

In the case of no film boiling, it is assumed that the jet stream impacts perpendicularly
with the plate surface. Furthermore as the cooling water moves rapidly and forms
turbulent conditions on the interface of water and plate, boiling conditions are
suppressed.

For the case of stable film boiling, it is assumed that a steady sate condition develops at
the water/plate interface. Essentially as the water is kept at a constant temperature and
flow rate, a stable vapour layer forms on the steel surface. Since many theories
supporting film boiling are dependent on experimental testing, hence they are restricted
by any experimental assumptions.

As most water jet impingement models are based on experimentally derived data, it is
necessary to observe all of the associated assumptions. Consequently to accurately
analyze a water jet cooling process, it is necessary to conduct one’s own experiments
and develop an appropriate mathematical model.

2.3.3 Hydrodynamics characteristics of water jet
Within the stagnation zone, the water jet flow is influenced by the target steel plate
surface, and is rapidly decelerated and accelerated in the longitudinal (z) and transverse
(r) direction, respectively (Figure 2.7). However, as the water jet continues to flow to
entrain zero momentum water from the ambient, horizontal acceleration can’t continue
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indefinitely and accelerating flow from the stagnation zone is transformed into a
decelerated wall jet. Therefore, with increasing radial distance, r, velocity components
parallel to the surface increase from a value of zero to some maximum and subsequently
decay to zero. Velocity within the wall jet is characterized at zero velocity at both the
impingement and free surfaces. As shown in Figure 2.8, If Ts ≠ Tw, the convective heat
transfer occurs in the both stagnation and radial regions.

2.3.4 Heat transfer characteristics of water jet impingement
It is presumed that the water jet exits its nozzle with a uniform velocity Vn, temperature
Tw. Thermal balance with the ambient is presumed (Tw = T∞), while convective heat
transfer may occur at an impingement surface of uniform temperature (Ts ≠ Tw).
Newton’s law of cooling may then be expressed as

q ' ' = h(Ts − Tw )

(2.1)

Conditions are presumed to be uninfluenced by the level of turbulence at the nozzle exit,
and the surface is presumed to be stationary. However, this requirement may be relaxed
for surface velocities that are much less than the jet impingement velocity.

Figure 2.8 shows the schematic diagrams of the physical model coordinate. Vn and Tw
denote the water jet velocity and temperature at the nozzle exit, accordingly; δw and δt
denote the thickness of the velocity boundary and the thermal boundary layer of water,
respectively. δv denotes the thickness of the velocity boundary of vapour. Tsat, Tw and Ts
denote saturated temperature at the vapour – water interface, the cooling water
temperature and the target surface temperature.
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Figure 2.8 Schematic diagrams of the physical model coordinate: (a) analytical zone; (b) boundary layer
of vapour and water at the stagnation zone, i.e., (0≤r≤D/2).
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Figure 2.8 (a) shows the schematic diagram of the physical model and figure; (b) shows
the schematic diagram of the boundary layer of vapour and water coordinate. Here, a
round water jet of diameter, D, impinged vertically on a circular flat plate, with the
initial jet velocity, Vn, and the initial water temperature, Tw, at the nozzle exit. For film
boiling on high temperature flat plate, the heated surface can be divided into center jet
stagnation zone and radial flow zone. Evapourated vapour forms very thin vapour layer
on the heated surface and interface of vapour – water is assumed smooth and no
waviness. As the thickness of vapour layer is so thin that the inertia force and the
pressure differences in the vertical direction can be neglected, while the temperature
distribution is linear in the vapour layer.

The wall heat flux of test plate (q''s) supplies the evapouration heat flux of water (q''v),
the convection heat flux of sub-cooled water (q''w) and the radiative heat flux (q''r) in the
vapour layer, that is,

q ' ' s = q ' ' v + q ' ' w +3q ' ' r / 4

(2.2)

At the interface of velocity boundary layer of water and in the mainstream zone of water
flow, the radial velocity of water can be described as,

U w,∞ / V s = r / D

(2.3)

where, Vs is the impinging velocity at the center of the stagnation zone, and is equal to
the initial velocity at the nozzle exit, Vn (if the effect of gravity force is neglected).
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At the vapour – water interface, i.e., y = δ v , the pressure distribution and the radial
velocity can be expressed respectively as

P − Pa
 2r 
= 1−  
Ps − Pa
D

2

(2.4)

U δ / V s = 2r / D

(2.5)

where Ps and Pa denote the stagnation pressure at the center of the stagnation zone and
the atmospheric pressure, respectively. Ps = (1 / 2) ρ wVs2 + Pa .

Inside the velocity and the thermal boundary layer of water, the distributions of velocity
and temperature are taken as exponential forms along the plate surface,

U w − U w,∞
U δ − U w ,∞

3  y'  1  y' 
= 1 −   +  
2 δw  2 δw 

Tw − Tn
3  y'  1  y' 
= 1 −   +  
Ts − Tn
2  δt  2  δt 

δ t = δ w Prw−1 / 3

3

(2.6)

3

(2.7)

(2.8)

At the vapour – water interface, the convective heat flux through the thermal boundary
layer of subcooled water would be:
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q w = −k w

∂Tw
∂y '

y ' =0

(2.9)

Brings equation (2.7) and (2.8) into equation (2.9), it is obtained,

qw =

3
1/ 3
k w ∆Tsub Prw / δ w
2

(2.10)

Both q w and qv pass the vapour layer and reach to the vapour – water interface,
therefore it is obtained according to the energy conservation,

q w + q v = ∆Tsat k v / δ v

(2.11)

2.3.4.1 Stagnation zone
Experimental work reveals that the heat transfer is a strong function of water jet
velocity. Lower velocity water jets are subject to gravitational and surface tension. At
higher velocities the influence of free stream turbulence is likely to become important.
The heat transfer coefficient is uniform in the stagnation zone, which extends to a radial
distance, r, of 0.7 to 0.8 for the diameter of the pre-impingement jet, D. This zone is
smaller for jets nonuniform velocity.

At low Reynolds number (ReD < 2000), the water jet is likely to be laminar, and the
water jet contraction due to gravitational acceleration and surface tension effects
become important. Elison and Webb (1994) report experimental data for micro jet
applications using pipe – type nozzles for 0.25 ≤ D ≤ 0.58 mm. The Reynolds number
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range investigated spanned the laminar, transitional, and turbulent regimes in the jet
nozzle. Below ReD ≈ 2000, the transport was influenced by surface tension. The
physical structure of the jet was observed to be changed resulting in surface - tension –
induced broadening of the jet at the exit of the nozzle tube; the jet was found to attach to
the nozzle tube at a diameter larger than the tube internal diameter due to the strong
action of surface tension.

At intermediate Reynolds number, the water jet may be laminar or turbulent, depending
on the water supply and nozzle configuration. The generation of laminar water jets
requires special care in the design and fabrication of the nozzle and upstream plenum.
For laminar jets theoretical considerations, verified by the experimental work of
Liu et al. (1991), should be quite adequate for the prediction of stagnation heat transfer
under uniform velocity jets of Pr > 3:

Nu D = 0.797 Re1D/ 2 Pr 1 / 3

(2.12)

The experimental data are observed to be somewhat low, particularly at lower Reynolds
numbers, for laminar jets in the range of 25,000 < ReD < 80,000.

For laminar axsymmetric water jets of nonuniform velocity profile, the difficulties
become one of determining the radial velocity gradient in the free stream.

In the high and moderate Reynolds number range, the transport under free – surface
water jets is relatively insensitive to nozzle–to–surface spacing (in the H/D range prior
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to water jet destabilization and breakup). [Stevens and Webb (1991) and Bensmaili and
Coeuret (1990)].

At a higher Reynolds number, the dependence on the water jet Reynolds number
increases, perhaps due to increased generation of free stream turbulence for increasing
ReD. [Gabour and Lienhard (1993)] find, for 25000 < ReD< 85000,

Nu D = 0.278 Re 0D.633 Pr 1 / 3

(2.13)

This was reported accurate to within ±3%.

2.3.4.2 Radial flow zone
Unless the pre-impingement jet is characterized by extremely high turbulence, a laminar
boundary layer will begin at the stagnation point and proceed outward into the radio
flow zone. At some location downstream, the flow will experience a transition to
turbulent. Azuma and Hoshino (1984) and Azuma, et al. (1993) investigated that the
onset of turbulent flow in the radial liquid layer formed by a nozzle placed in close
proximity to the impingement plane, H/D < 0.5. Transition to turbulent flow was
observed for ReD > 4700, and the critical radial, rc, location corresponding to the onset
turbulence, was correlated as:

rc / D = 380 Re −D0.315

(2.14)
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On the other hand, Liu, et al. (1991) characterized the onset of turbulence in the radial
layer for a laminar, free surface liquid jet. Based on visual observations of the layer
stability, the location of transition was described empirically as:

rc / D = 1200 Re −D0.422

(2.15)

Transition to turbulence was observed for jet Reynolds numbers as low as ReD ≈ 13,000.
The difference in correlated rc/D given by Equation 2.14 and 2.15 from the two studies
is less than 15%, perhaps due to experimental differences in the generation of the liquid
layer.

2.4 Wall pressure and shear stress measurement beneath an
impingement jet
When a moving hot steel plate passes through a vertical water nozzle in the cooling
process by water jet impingement, the wall pressure (P) and shear stress on the tested
hot steel plate are very difficult to be measured underneath the impinging water jet.

Tu and Wood (1996) presented a comprehensive measurement of wall pressure and
shear stress beneath a two-dimensional turbulent jet impinging onto a flat surface. The
results cover a wide range of Reynolds number (Re) and ratio of impingement height (H)
to nozzle diameter (D). The pressure distributions were nearly Gaussian, independent of
Reynolds number, and closely balance the momentum flux from the jet nozzle as H/D
varies. Furthermore, the shape of the wall shear stress distributions depended both on
H/D and Reynolds number. The main findings are as follow as:
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For lower H/D, the Gaussian distribution is closely approximated by nondimensional
wall pressure profile.

The maximum impingement pressure (Ps) and the half width of the pressure profile (b)
were found to be constant for H/D ≤ 6 approximately. For the larger nozzle distance
(H/D ≥ 6), b is linearly proportional to H with a slope between 0.12 and 0.13.

The wall shear stress is proportional to the distance from the stagnation point in the
immediate vicinity of stagnation, as required by the Hiemenz solution, but the slope was
less than the theoretical value.

The wall shear stress was found to be sensitive to Reynolds number, especially for
lower H/D, and this appears to be related to transition in the developing wall jets. At the
larger H/D, the wall shear stress distribution tends to universality because all the
impinging flow in this situation is turbulent.
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Chapter 3

Jet impingement boiling

3.1 Introduction
Boiling is a phase change process in which vapour bubbles are formed either on a
heated surface or in a superheated liquid layer adjacent to the heated surface. Nucleate
boiling is a very effective mode of heat transfer. It is used in various energy conversion
and heat exchange system and in cooling of high – energy – density electronic
components. Pool boiling refers to boiling under natural convection conditions, while
on the contrary in forced flow boiling, liquid flow over the heated surface is imposed by
external means. Forced flow boiling includes external and internal flow boiling. In
external boiling, liquid flow occurs over unconfined heated surfaces, although internal
flow boiling refers to flow inside tubes.
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Boiling heat transfer is a complex and difficultly described process. Many thermal and
fluid variables interact in this complicated process, and complete theoretical models
have not been developed to predict the boiling heat flux as a function of heated surface
superheat.

Figure 3.1 qualitatively shows the boiling curve (i.e. dependence of the wall heat flux,
q'', on the wall superheat on a surface submerged in a pool of saturated liquid). The wall
superheat, ∆Tsat, is defined as the difference between the wall temperature and the
saturation temperature of the liquid at the system pressure. The plotted curve is for a flat
plate or a horizontal wire to which the heat input rate is controlled. As the rate of heat
input to the surface is increased, natural convention is the first mode of heat transfer to
appear in a gravitational field.
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Figure 3.1 Schematic of the boiling curve for a saturated liquid
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Typical boiling curve, showing the dependence of the wall heat flux, q'', on the wall
superheat, ∆Tsat, defined as the difference between the wall temperature, Ts, and the
saturation temperature, Tsat, of the liquid. Schematic drawings show the boiling
processes in regions I to IV.

At a certain value of the wall superheat (point A), vapour bubbles appear on the heated
surface. This is the onset of nucleate boiling (ONB). The bubbles form on cavities or
scratches on the surface that contain pre-existing gas/vapour nuclei. In liquids that wet
the surface well, the onset of nucleation may be delayed. For these liquids, a sudden
beginning of a large number of cavities at a certain wall superheat causes a reduction in
the surface temperature, while the heat flux remains constant. This behaviour is not
observed when the boiling curve is obtained by reducing the heat flux, and here there is
a hysteresis process. After this beginning, an obvious increase in the slope of the boiling
curve is observed. In partial nucleate increase in the slope of the boiling, corresponding
to region II (curve AB) in Figure 3.1, discrete bubbles are released from randomly
located active sites on the heated surface. The density of active sites and the frequency
of bubble release increase with wall superheat.

The transition from isolated bubbles to fully developed nucleate boiling (region III,
curve BC) occurs when bubbles at a given site begin to merge in the vertical direction.
Transition boiling happens between nucleate and film boiling, which is a mixed mode
of boiling that has features of both nucleate and film boiling. During transition boiling,
vapour appears to leave the heated surface in the form of jets. The condition of jet
formation also approximately coincides with the combination of vapour bubbles at the
nearby sites. After lateral combination, vapour structures appear that look like
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mushrooms with several stem [Dhir, 1998]. A small change in the slope of the boiling
curve can occur upon transition from partial to fully developed nucleate boiling. The
heat flux on polished surfaces varies with wall superheat (∆Tsat) roughly as

q''~∆Tsatm

(3.1)

where m has a value between 3 and 4.

Transition boiling is very unstable, since it is accompanied by a reduction in the heat
flux with an increase in the wall superheat. As a result, it is difficult to obtain steadystate data in transition boiling, except when heated surface temperature is controlled.
Transient transition boiling data can be obtained either by quenching or by accessing
from the nucleate boiling side when heat input to the heated material is controlled.

The maximum or critical heat flux, q''max, sets the upper limit of fully developed nucleate
boiling for safe operation of equipment. After maximum hear flux is reached, most of
the surface is rapidly covered with vapour. The surface is nearly insulated, and the
surface temperature rises very rapidly. When the rate of heat input is controlled, the
heated surface passes quickly through regions III and IV and stabilizes at point D. If the
temperature at D exceeds the melting temperature of the heated material, the heated
material will burn out. The curve CD (region IV) represents stable film boiling, and the
system can be made to follow this curve by reducing the heat flux.

In stable film boiling, the surface is covered with vapour film, and liquid does not come
into contact with the surface. On a horizontal surface the vapour release pattern is
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governed by Taylor instability of the vapour-liquid interface. With reduction of heat
flux film boiling, a condition is reached when a stable vapour film on the heated
material can no longer be sustained. Heat flux and wall superheat corresponding to the
condition at which vapour film collapse occurs are referred to as the minimum heat flux
q''min, and the minimum wall superheat ∆T sat, min, respectively.

3.2 Jet impingement boiling heat transfer
Jet impingement boiling refers to the boiling that happens in the cooling process on the
hot steel plate by water jet impingement. Figure 3.2 shows a close-up photograph of
heat transfer by a high-speed camera. It shows the photographic observation of boiling
heat transfer with steam vapour and boiling bubbles on a cooled steel plate by water jet
impingement.

Figure 3.2 Photographic observation of boiling heat transfer by jet impingement (T = 706 °C)
(Photographed at University of Wollongong)
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The cooling of hot rolled steel on the run-out table by water jet impingement is
important for obtaining steel strips with desired properties. Various steel grades may
require different cooling patterns in order to achieve the expected microstructure and
mechanical properties.

The finishing temperature in a conventional hot strip mill is 800 – 950 °C. After leaving
the mill, the hot steel strips travel along the run-out table where they are cooled down.
The heat is extracted from the steel strips by using water jets. This thesis focuses on the
heat transfer boiling by water jet impingement.

The impingement of water jets on the hot steel strips involves boiling heat transfer.
Hauksson, et al. (2002) suggests that, depending on the temperature on the strip, various
boiling modes may be formed. At extremely high surface temperature, such as those of
steel strips leaving the finishing mill, a stable vapour layer builds up soon after the
water first reaches the steel strip surface. The vapour layer virtually separates the water
from the steel surface thus making the heat transfer relatively inefficient. With the
dropping of the surface temperature, the heat flux from the surface decreases. The
vapour layer becomes less stable until the first amount of water impinges the hot steel
surface creating the first water-steel surface contact area. This point is commonly
known as the Leidenfrost point or the point of minimum heat flux. This point also
indicates that the unstable regime of transition boiling is reached. Transition boiling is
characterized by the random appearance of vapour-steel or water-steel contact areas,
leading to large temperature varieties. The local heat flux from the steel surface in
contact with the water is generally higher than that of the surface surrounded by vapour.
Consequently, the heat flux from the steel surface increases with the increase of the
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water-steel contact area. The transition boiling regime ends when heat flux reaches the
maximum value. Further decrease of the surface temperature leads to the nucleate
boiling regime and finally single-phase heat transfer below the saturation temperature.

The boiling regimes mentioned previously are characteristic for pool boiling and, to
certain extend, for flow boiling conditions. However, the high momentum of the water
jet impinging on the surface of the steel strip may affect the boiling heat transfer and
make the available heat transfer models inappropriate for this particular application. It is
widely accepted that the flow under a water impingement jet can be divided into two
distinct zones: the impingement zone (stagnation zone) and parallel flow zone (radial
flow zone). The stagnation zone, somewhat larger than the jet diameter, is characterized
by the acceleration of the water velocity from zero at the stagnation point to that equal
to the water jet velocity. It is associated with the water pressure from stagnation to
ambient. In the radial flow zone, the water velocity is assumed constant and equal to the
water jet velocity and the pressure equal to the ambient pressure. Over the past years,
significant efforts have been made to quantify the boiling phenomena during water jet
impingement on a hot horizontal steel strip surface.

Ochi, et al. (1984) measured transition temperature on the back face of the horizontal
plate at the stagnation point of an impinging circular water jet. They analysed the heat
flux with respect to the water sub-cooling and jet velocity. They observed significant
film boiling over the whole surface (including the stagnation zone) for lower subcooling (i.e. less than 65 °C) and mainly transition boiling for higher sub-cooling.
Similar experiments that lead to the same conclusions had already been carried out by
Ishigai et al. (1978) for the water jet impinging on a hot flat surface. Film boiling heat
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transfer at the stagnation point of a circular water jet, and its dependence on sub-cooling
has also been investigated recently by Liu and Wang (2001).

Kumagai, et al. (1995) analysed the heat transfer in both the impingement and the radial
flow zone by measuring temperatures at various distances from the stagnation point.
Their experiments were limited to the maximum surface temperature of about 400 °C.

Kokado, et al. (1984) applied photographic technique to investigate different cooling
modes as the water radially spread out over the surface. They observed the wetted zone
under the water jet and the progression of its boundary, and the rewetting front that they
associated with the most significant temperature drop during cooling.

Liu, et al. (2002) carried out transient cooling experiments on DQSK (Drawing Quality
- Special Killed Steel) and stainless steel plates with water temperatures of 13 °C and
30 °C and flow rate 60 L/min, jet velocities from 5.6 m/s to 6.5 m/s. The thermocouples
were embedded below the surface at several locations from the stagnation point. The
corresponding heat fluxes were calculated by using the inverse heat conduction model.
Their boiling curves indicated that transition and nucleate boiling occurred on the
surface cooled from about 850 °C to below saturation temperature. Their experiments
concluded that the cooling water temperature has significant influence on the cooling
rate and wetted area (wetted area is defined as the area on the plate enclosed by the ring
of hydraulic jump). The heat flux increased with the decrease of cooling water
temperature. Also, at higher sub-cooling, the stagnation zone appeared to be larger and
spread out faster in the radial direction.
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Relevant heat transfer data for both the stagnation and radial flow zone are important for
the modelling of boiling during cooling of steel strips on the run-out table. Therefore, it
is very important to understand the occurrence of various boiling regimes.

3.3 Nucleating boiling
The nucleate boiling heat transfer by jet impingement will be briefly described and
analysed in this section. For the past years, many exiting studies have employed
experimental arrangement where a single surface temperature has been measured at the
stagnation point, and the average temperature on the surface has been calculated.
Although the wall temperature is uniform for fully developed nucleate boiling over the
entire heated surface, there may exist regions at low heat fluxes where boiling is fully
established over only a portion of the heated surface.

Vader, et al. (1992) have shown, through local temperature measurements and highspeed photography, that finite region of nucleate boiling can develop in the surrounding
regions of single phase convection for a free surface by water jet. They also showed
boiling to initiate near the transition from a laminar to a turbulent boundary layer (a
local maximum in temperature for a constant heat flux surface) and subsequently
generate upstream and downstream to envelop the entire surface with increasing cooling.

Cho and Wu (1988) similarly reported single-phase convection at the centre of the
heated steel strip with nucleate boiling around the perimeter for a free surface by
circular water jet. With increasing heating, the region of the nucleate boiling reduced
toward the stagnation point.
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The nucleate boiling regime is very complicated and important and it is appropriate to
address issues such as the onset of nucleate boiling (ONB), fully developed nucleate
boiling, local boiling and the other effects. The Figure 3.3 shows the schematic of
typical surface temperature distributions for forced convection boiling heat transfer
(based on the actual local data and observation).

--Visible Boiling

A

B

ONB
Rec

D

ONB
Rec

Rec

(Ts, Tl)

No Boiling

C

ONB

(x/wj)

(x/wj)

(x/wj)

(x/wj)

ONB
Rec

Rec

F

G

Rec

H
Fully Developed
Nucleate Boiling
q ≈ ״q״FNB

(Ts, Tl)

E

(x/wj)

(x/wj)

(x/wj)

(x/wj)

Figure 3.3 Schematic of typical surface temperature distributions for forced convection boiling.
(Vader, et al. (1992))

where Ts is the wall temperature, Tl is the liquid temperature, wj is the width of the water
jet and Rec is the critical Reynolds number.

Figure 3.3 illustrates the effects of increasing heat flux. Where, (A) single-phase
convection; (B) initial boiling; (C-E) single-phase convection and partial nucleate
boiling; (F-G) partial nucleate boiling; (H) fully developed nucleate boiling.
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At the low heat fluxes (A), the temperature is lowest at the stagnation point and increase
downstream with the development of the laminar thermal layer. With sufficient heated
steel strip length, a local maximum in the surface temperature is observed as the
boundary layer begins a transition to turbulence. Additional heating (B) is shown to
accelerate transition (expressed by the critical Reynolds number Rec) due to the onset of
nucleate boiling (ONB), while subsequent increases in the heat flux (C-E) further
accelerate transition and bubbles over the entire at the higher heat fluxes (F and G), the
wall temperature remains nonuniform until fully developed nucleate boiling is achieved
over the whole heated steel strip (H). Therefore, as shown in Figure 3.3, experiments
that use a single thermocouple at the stagnation point could infer locally fully developed
nucleate boiling despite its absence of thermocouple elsewhere on the surface of heated
steel strip.

3.3.1 Onset of nucleate boiling
The onset of nucleate boiling refers to the onset of nucleate boiling regime. For the
water jet impingement, Incropera, et al. (1993) reported that the onset of nucleate
boiling was recognized by both visual observations and an obvious change in the slope
of the q'' - ∆Tsat , and the following correlation for boiling onset was employed:

q '' = 440(∆Tsat ) 2.5

(3.3)

where ∆Tsat = Ts – Tsat, q″ and ∆Tsat have the units of W/m2 and ºC, respectively.
Equation 3.3 consistently did not predict the initial wall superheat. However, the effects
of increased water jet velocity and sub-cooling were clearly shown to elevate ∆Tsat.
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Miyasaka and Inada (1980) obtained surface temperature and heat flux measurements
under the water jet for both single-phase convection and fully developed nucleate
boiling. The data were well correlated in both regions with independent expressions for
the heat transfer coefficient. They defined boiling onset to occur under conditions for
which the correlated heat transfer coefficients for the respective regimes were
equivalent. The resulting dimensional expression for sub-cooling in the range of 85 ºC
≤ ∆Tsub ≤ 108 ºC (Tsat based on the stagnation pressure, ps) was given by

''
qONB
= 1.40 × 10 6 Vn0.56

(3.4)

where Vn refers the velocity of the jet at the nozzle exit, q'' and Vn have units of W/m2
and m/s, respectively. For the three velocities investigated (1.1 m/s, 3.2 m/s and 15.3
m/s), this expression correlated the data well. They also accepted the existence of
incompressibility in the water supply form observed effects on the single-phase heat
transfer coefficient at the surface temperature below saturation. However, no inferences
were made concerning the effect of incompressibility on the nucleate boiling onset.

Nonn, et al. (1989) have shown the point of boiling start to be delayed to higher wall
temperature and heat fluxes with increasing velocity for a 50% mixture of FC-72 and
FC-87. For circular, free surface jets, the delay in nucleate boiling start with increasing
velocity was independent of the number of jets (1, 4, or 9 jets) and nozzle diameter.
Comparisons of nucleate boiling onset between the previously mentioned mixture and
pure FC-72 were also shown in Figure 3.4. The start of the nucleate boiling for the
mixture was observed to occur at a lower heat flux and wall temperature than that of the
pure liquid for jet velocities of 3.18 m/s and 6.4 m/s (differences of approximately 20%
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for the heat flux and 10 ºC for the wall temperature). However, these findings may have
been influenced by the different saturation temperatures for the two liquids (41 ºC and
57 ºC for the mixture and pure FC-72, respectively) and a common jet temperature of
20 ºC.

q″(W/m2)

106

105

Vn = 3.18 m/s
FC-72, Tsat = 57 ºC, ∆Tsub = 37 ºC
Mixture, Tsat = 41 ºC, ∆Tsub = 21 ºC

104
1

10

100

Ts –Tl (ºC)
Figure 3.4 Comparison of single phase convection and nucleate boiling data for circular, free surface jets
of FC-72 and a mixture of FC-87, (Nonn, et al. (1989)).

*FC-72 (Fluorinert Electronic Liquid) is thermally and chemically stable, and an ideal
choice for low temperature heat transfer applications. Its properties also make it useful
in selected electronic testing applications. FC-87 (Fluorinert Electronic Liquid) is
thermally and chemically stable, nonflammable, compatible with sensitive materials and
practically non-toxic, and an ideal fluid for many electronics applications, including
thermal management
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Therefore, the relationship between the convective heat transfer coefficient and the
impingement velocity would provide enough knowledge relevant to the effects of
velocity and sub-cooling on the nucleate boiling onset. A similar approach could be
taken with Equation 3.4 to obtain an expression that includes the effect of all superheat.

3.3.2 Fully development nucleate boiling for single-jet impingement

Results for fully developed nucleate boiling involving the impingement of a single jet
may be described according to geometry (circular) and ambient surroundings (free
surface). For each special case, the effects of various independent parameters have been
studied. Several parameters, such as velocity, will be studied for each case. The effects
of system parameter on boiling heat transfer for free surface, circular jets, are discussed
as following.

1. Jet velocity
Jet impingement velocity is the most important parameter to affect the situation of
nucleate boiling heat transfer. Copeland (1970) performed boiling experiments for a jet
of water impingement on a hot surface. It was found that, for developed nucleate boiling,
the heat flux (q", W/m2) was independent of impingement velocity (0.79 -6.4 m/s) and
depended only on the wall superheat temperature (∆Tsat, ºC). Correlation of the
nucleating boiling data was given by the expression:

q" = 740∆ Tsat2.3

(3.5)
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where ∆Tsat is the wall superheat (Ts - Tsat), q" and ∆Tsat have the units of W/m2 and ºC,
respectively. This equation was reported to be valid for wall superheat in the range of
8 to 31 ºC.

Ruch and Holman (1975), using an apparatus very similar to that used by Copeland,
performed boiling measurement for a jet of R-113, also impinging on a hot surface.
Consistent with Copeland, the heat flux (q", W/m2) in the fully developed nucleating
boiling regime was found to be the independent of the jet velocity (1.23 m/s – 6.87 m/3)
and a function only of the wall superheat (∆Tsat, ºC). The results were correlated by

1.95
q' ' = 467∆Tsat

(3.6)

where q" and ∆Tsat have the units of W/m2 and ºC, respectively, and the wall superheat
is between 17 ºC and 44 ºC. This expression differs from that of Copeland (1970)
because there is a significant difference in the thermophysical properties of water and
R-113.

For a jet velocity range as large as 5.3 - 60 m/s with saturated, Katto and Monde (1974)
found that the fully developed nucleate boiling curve was independent of the velocity
and simply an extension of the data for pool boiling to large heat fluxes and wall
superheats. Nonn, et al. (1988) have also shown that the nucleate boiling heat transfer
was independent of the velocity (3.18 m/s and 6.4 m/s) for a subcooled jet of FC-72
(Fluorinert Electronic Liquid).
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Monde and Okuma (1985) found that the heat flux was clearly affected by the
impingement velocity (Figure 3.5) when examined the effects of low rates for a jet of
saturated R-113 with wall superheat of 10 – 60 ºC and jet velocity of 0.49 – 9.9 m/s.
These results showed that the influence of jet velocity increases with increasing heated
round plate – to – jet diameter ratio (Ds/D). They also observed an effect of jet velocity
on nucleate boiling under conditions for which the amount of heat extracted from the
surface (q'' πDs2/4) is approximately equal to the latent heat required to evapourate
completely the supply of saturated liquid ( hlv ρ lVnπD / 4) . Under conditions for which
2

nucleate boiling is influenced by the jet velocity, a significant portion of impinging
liquid is converted to vapour, thus spending the amount of liquid available to obtain the
high convective heat fluxes characteristic of nucleate boiling. This condition does not
exist at large velocities, when the latent heat capacity of the jet far exceeds heat transfer
from the surface.
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Figure 3.5 Effect of velocity on nucleate boiling for a free surface, circular jet of saturated R-113,
(Monde and Okuma (1985))
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2. Sub-cooling
Wolf et al. (1993) investigated the effects of sub-cooling on fully developed nucleate
boiling and detected no differences in the boiling curves for water at sub-cooling of 4
and 78 ºC. They also examined the effects of sub-cooling for both water (∆ Tsub ≤ 30 ºC)
and R-113 (∆ Tsub ≤ 16 ºC) but did not present any of the data. They commented that the
data deviated from the saturated results at lower wall superheats, with differences
becoming large as the degree of sub-cooling was increased. At higher wall superheats,
the data were independent of sub-cooling and coincided with results for saturated
boiling.

However, Nonn, et al. (1989) has shown that moderated changes of sub-cooling
(20 to 30 ºC) may affect the nucleate boiling heat transfer, depending on the flux (wall
superheat). For higher sub-cooling, data for a 50% mixture of FC-72 and FC-87
revealed lower surface temperatures for heat fluxes near incipience, while differences
were reported to diminish with increasing heat flux. Similar trends have been reported
for sub-cooled pool boiling of FC-72 by Carvalho and Bergles (1990). Because these
observations have been reported at the heat fluxes near the incipience, it is possible that
the effects are due to a transition from a developed stage of boiling to a condition of
partial boiling, where parameters such as sub-cooling can influence the rate of heat
transfer.

3. Fluid properties
Monde and Katto (1978) presented results for saturated water and R-113 at atmospheric
pressure. They did not correlate the data, but from their graphical descriptions the
following relations were inferred.
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q ' ' ≈ 450∆Tsat2.7

(Saturated water)

(3.7)

q ' ' ≈ 790∆Tsat2.0

(Saturated R-113)

(3.8)

where q" and ∆ Tsat have the units of W/m2 and ºC, respectively. The wall superheats
that corresponded to the data represented by Equations 3.7 and 3.8 ranged from 18 ºC to
46 ºC and 15 ºC to 30 ºC, respectively. These results indicated that the heat flux
associated with R-113 is obviously less than that of water and that there is a weaker
dependence of heat flux on the surface temperature for the R-113 jet.

Nonn, et al. (1989) have compared the nucleate boiling data for a 50% mixture of FC-72
and FC-87 with pure FC-72 (see Figure 3.4). It is obtained that the single-phase
convection heat transfer coefficient is unaffected by the type of fluid. Also, for a
constant fluid temperature (20 ºC) and stable heat flux in the nucleate boiling regime,
the mixture maintained a cooler surface than the pure FC-72.

4. Nozzle dimension
Several investigations have studied the dependence of the heat flux of nucleate boiling
heat transfer on the nozzle diameter. Katsuta and Kurose (1981) (2.4 ≤ D ≤ 3.8 mm) and
Copeland (1970) (0.28 ≤ D ≤ 0.75 mm) all found that the heat flux relevant to the fully
developed nucleate boiling was not affected by the jet diameter. Similarly, Monde and
Katto (1978) (11.2 ≤ D ≤ 21 mm), Monde (1980) (20.7 ≤ D ≤ 25.5 mm), and Katsuta
and Kurose (1981) (15 ≤ D ≤ 25 mm) found no dependence of heat flux on the heated
material dimension as well.
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Monde and Okuma (1985) did find conditions in the nucleate boiling regime to be
influenced by the heated material relative diameter (Dw) - to - jet diameter (D) ratio
(14.6 ≤ Dw/D ≤ 54.5 mm) when the supply of liquid to the surface was low. From
Figure 3.5, it has been observed that the heat flux was dependent on the heated round
plate – to – jet diameter ratio, because the ratio of latent heat to heat removal from the
surface varies with (Dw/D)-2. Therefore, the effects of velocity may be expected to be
most distinct at large values of Dw/D.

5. Nozzle-to-surface spacing
Nonn et al. (1989) have investigated the effects of nozzle-to-surface spacing on nucleate
boiling heat transfer for a jet composed of a 50% FC-52 and FC-87. For spacings of 0.5
to 5 nozzle diameters, no effects could be detected for jet velocities of 3.2 and 6.4 m/s.
For spacings below 0.5 nozzle diameters, however, the radial flow became restricted
and a declining surface temperature was observed.

3.4 Critical heat flux (CHF)
A review and discussion about the critical (maximum) heat flux (CHF) by impinging jet
will be discussed in this section. The relationship between critical heat flux and various
system parameters depends on the specific flow conditions. Katto and Shimizu (1979),
Monde, et al. (1982), Monde and Okuma (1985) and Monde (1987) have proposed and
testified the existence of four different CHF regimes (refers to as the V-, I-, L-, and HPregimes). In each regime, dependence of the critical heat flux on parameters such as the
jet velocity has been shown to differ markedly.
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At atmospheric pressure, only the L- and V- regimes have been observed. The Lregime (limiting condition of CHF) indicates the limiting condition for which the latent
heat of a saturated, circular jet ( hl v ρlVnπD 2 / 4) is approximately balanced by the heat
extracted from the entire surface (circular) (q'' πDs2/4), thus making liquid nearly
complete evapouration. This condition occurs with low mass flow rates or large ratios
of the heated round plate or nozzle diameter (Ds/D), and the dependence of CHF on jet
velocity is of the form q'' ~ Vn. By contrast, the V- regime (variance of CHF with
respect to velocity) occurs at large mass flow rates, where the fraction of liquid
consumed by evapouration is small. Although this regime has been shown to exist at
elevated pressures, the V- regime surrounds the majority of flow conditions at
atmospheric pressure and generally demonstrates a dependence on jet velocity of the
form q'' ~ Vn1 / 3 .

The I- and HP- regimes have been reported only at pressures above atmospheric. The Iregime (invariance with respect to velocity) has been reported to occur at moderate
pressures and generally demonstrate little or no dependence of CHF on the jet velocity.
At much larger pressures and large ratios of the heated disk to nozzle diameter,
increases in the critical heat flux with increasing velocity were again evident (HPregime).

1. Jet velocity
Wolf, et al. (1993) reported CHF to increase linearly with the increasing of jet velocity
at the nozzle exit, and the data ranged of velocities (1 - 3 m/s) for a saturated water jet.
For a much larger range of velocities (5.3 - 60 m/s), Katto and Monde (1974) showed
CHF to vary with Vn0.39 . Monde and Katto (1978) performed an extensively study of
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CHF for impinging jets of water and R-113 at atmospheric pressure, in which the jet
velocity, sub-cooling, nozzle and heated round plate dimensions. For velocities ranging
from 1.7 to 26 m/s, they were able to obtain a good correlation of all their data. Their
expression is of the form

q ''
ρ
σ 1/ 3
= 0.0745( l )0.725 (
) (1 + ε sub )
ρ v hlvVn
ρv
ρlVn2 D

where the term (

σ
ρ lVn2 D

(3.9)

) is an inverted Weber number and ε sub is a correction factor to

account for the effect of sub-cooling

ε sub = 2.7(

ρl 0.5 c pl ∆Tsub 2.0
) (
)
ρv
hlv

(3.10)

where ρ v is the density of the vapour; hlv is the latent heat of vapourization; Vn is the
velocity of jet at the nozzle exit; ρ l is the density of the liquid; σ is the surface tension;
c pl specific heat of the liquid.

The correction reveals the dependence of the critical heat flux on jet velocity to be Vn1 / 3 .

Cho and Wu (1988) reported CHF results for a free surface, circular jet and a spray of
R-113. The critical heat flux increased from 0.217 to 0.541 MW/m2 with the
increasesing of the jet velocity from 0.7 to 8.2 m/s. Correlation of data for the four
largest velocities (4.2 – 8.2 m/s) yielded the following dimensional expression:
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ρ lVn2 D 0.319
)
σ

(3.11)

where q'' has the unit of W/m2. The functional dependence of CHF on the velocity,
heated disk dimension, and fluid properties implied by this correlation is in complete
contrast to the majority of the literature. The velocity dependence given by q'' ~ Vn0.638 is
uncommonly high, and the suggestion that CHF increases with increasing heated disk
dimension or decreasing surface tension is inconsistent with all other reports.

Although most of the literature clearly demonstrates the relationship of q'' ~ Vn1 / 3 at
atmospheric pressure, there is a lower limit of velocity below which this dependence is
not longer valid. This lower limit is determined primarily by thermodynamic
considerations, which for saturated conditions limit the maximum heat absorbed from
the heated round plate (q''πDs2/4) to the amount of latent heat stored in the jet
( hlv ρlVnπD 2 / 4 ). Hence the requirement that

hlv ρlVnπD 2 / 4 ≈ q''πDs2/4

(3.12)

prescribes a linear variation of q'' with velocity and is commonly referred to as the Lregime. Monde and Okuma (1985) are the only ones to examine this regime thoroughly,
and they did so with saturated jets of water and R-113 impinging normal to a
downward-facing surface. Rearranging equation 3.13, they proposed the following
correlation:

Chapter Three Jet Impingement Boiling

53

ρ D
q' '
= k ( l )( ) 2
ρv hlvVn
ρv Ds

(3.13)

where k is the ratio of liquid consumed by evapouration on the heated surface to the
liquid supplied by the impinging jet. They suggested that k is related to the splashing of
droplets away from the surface, thus spending the whole amount of liquid available for
evapouration. Employing dimensionless parameters that govern the Taylor instability of
a liquid film, the following expression for k was proposed:

 g ( ρl − ρv ) D 2 
ρ
k = 25.7( l ) − 0.674 

ρv
σ



−0.62

(3.14)

 g ( ρl − ρv ) D 2 
where 
 is the Bond Number. Equation 3.13 and 3.14 correlated all water
σ



and R-113 data to within approximately ± 40%. It is noted that the expression for k is
likely to change for upward-facing heated round plate, because its development
depended on the splashing of liquid moving away from the surface under the influence
of gravity.

2. Sub-cooling
The effects of sub-cooling on the maximum heat transfer, obtained by quenching a test
specimen with a water jet, have been reported by Ochi et al. (1984). The maximum heat
transfer at the stagnation point increased with the increasing of sub-cooling (5 ≤ ∆Tsub ≤
80 °C). For a jet velocity of 3 m/s, a sixfold increase was reported for a change in sub-
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cooling from 5 to 80 °C. Matsumura, et al. (1979) also provided the similar trends of
higher maximum heat fluxes with increased sub-cooling.

3. Fluid properties
Several investigators have reported CHF data for more than one liquid and for a single
fluid at various pressures by Monde and Okuma (1985), Monde (1987) and Nonn, et al.
(1989). Following equation provides the essence of the property dependence, which is
representative of V-regime data for a wide range of fluid properties.

ρ 
q' '
= 0.280 l 
ρv hlvVn
 ρv 

0.645



σ
 ρ V 2 (L − d ) 
h 
 l n

0.343


L
1 + 
 dh 

−0.364

(3.15)

where L is the length of the heated plate; dh is the heater diameter. The characteristic
length scale of the Webber number is now the difference between the heated object
length and nozzle diameter (L-dh). Equation (3.15) correlates about 94% of the
previously mentioned V-regime data to within ±20%.

The critical heat flux depends on ρ l , ρ v , σ, and hlv . For a saturated jet, the critical heat
flux increases with increasing latent heat, density ratio (

ρl

ρv ), and surface tension.

4. Nozzle dimensions
The effects of nozzle diameter on CHF have been examined by Monde and Okuma
(1985) and Ochi, et al. (1984), et al.. Nearly all of the previous correlations indicate an
increase in CHF with increasing nozzle diameter (constant nozzle velocity).
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5. Nozzle-to-surface spacing
Figure 3.6 shows that the nozzle - to - surface spacing has little effect on the critical heat
flux for a saturated jet of water. Spacings in the range of 0.63 – 42 nozzle diameter are
investigated for stable velocities at the nozzle exit (1 – 3 m/s). Nonn, et al. (1989) have
shown that spacings of 0.5 – 5 nozzle diameters have no effect on CHF. However, when
spacings decreased to the point where the fluid became confined between the face of the
nozzle exit and impingement plane (0.1 and 0.3 nozzle diameters), critical heat flux was
reported to be enhanced. An approximate 20% increase in CHF was obtained by
decreasing the spacing from 0.5 to 0.3 nozzle diameters for a jet of FC-72 (Vn = 6 m/s).
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Figure 3.6 Effects of velocity on CHF for circular jets of saturated water with configurations of
(1 ≤ H ≤ 30 mm)
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3.5 Transition boiling
Many investigations have shown that the amount of time that spends between the
application of cooling water to a hot steel surface and the subsequent wetting of the
surface (wetting delay time) is very important in the quick cooling process. The delay
time decreases with the increasing of the sub-cooling and the jet velocity, and it is also
related to the considerations of heat, energy, and momentum transport.

Ishigai, et al. (1978) measured the heat transfer that a water jet quenched a hot stainless
steel plate (12 x 80 x 2 mm) surface with an initial temperature of approximately
1000 ºC. Figure 3.7 (a) shows their q' '− ∆Tsat stagnation point data as a function of the
jet sub-cooling. The data reveal that the curve shifts towards higher heat fluxes and wall
superheats with the increasing of sub-cooling. Furthermore, characteristics of the
transition region between the maximum heat fluxes are seen to differ obviously as a
function of sub-cooling. At the lower sub-cooling ( ∆Tsub = 5 and 15 ºC), the heat flux
decreases after the start of the quench and the onset of film boiling, reaches a minimum
heat flux. At the higher sub-cooling ( ∆Tsub = 25 and 35 ºC), the heat flux declines at the
start of the quench and reaches a minimum, but the subsequent increase to a maximum
heat flux is diverse. At the largest sub-cooling ( ∆Tsub = 55 ºC), the data reveal that no
film boiling occurred at the stagnation point, despite surface temperature as large as
1000 ºC.

Figure 3.7 (b) shows the boiling data as a function of jet velocity at two sub-cooling. At
the lower sub-cooling ( ∆Tsub = 15 ºC), the jet velocity has little effect on the transition
boiling regime or Tmin, but the minimum and film boiling heat fluxes do increase with
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Figure 3.7 Boiling Curve for Water Jet Showing the Effects of (a) sub-cooling and (b) velocity,
(Ishigai, et al. (1978))
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increasing jet velocity. At the higher sub-cooling ( ∆Tsub = 55 ºC), the overall effects of
the velocity are not evident; however, the velocity appears to have affected the region of
nearly constant heat flux in the transition region somewhat and excluded film boiling
for the 1.55 m/s jet as compared to that of 1.0 m/s. For jet velocities and sub-cooling in
the ranges 0.65 ≤ Vn ≤ 3.5 m/s and 5 ≤ ∆Tsub ≤ 55 ºC, they correlated the minimum heat
flux by the expression:

''
q min
= 0.054 × 10 6 Vn0.607 (1 + 0.527 ∆Tsub )

(3.16)

"
where q min
, Vn and ∆Tsub have units of W/m2, m/s and ºC, respectively. The minimum

temperature (Tmin) consistently increased with increasing jet velocity and sub-cooling.
However, the effects of velocity were smallest at low sub-cooling.

Ochi, et al. (1984) also examined transition boiling for a free-surface, circular jet. They
varied the nozzle diameter and found that the largest sizes possess the lowest minimum
heat fluxes for a constant jet velocity (3.0 m/s). For velocities, sub-cooling and nozzle
diameters in the ranges 2≤ Vn ≤7 m/s and 5 ≤ ∆Tsub ≤ 45 ºC, and 5 ≤ D ≤ 20 mm, their
stagnation point data were correlated by:

V 
''
qmin
= 0.318 × 10 6  n 
D

0.828

(1 + 0.383∆Tsub )

(3.17)

"
, Vn and ∆Tsub have units of W/m2, m/s and ºC, respectively. The minimum
where q min

temperature (Tmin) was also shown to be a function of the nozzle diameter and jet
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velocity, with the effects of velocity being least significant at the smaller nozzle
diameters. Approximate measurements of the velocity of the rewetting front showed
that the wetted region expanded most rapidly with increases in the nozzle diameter, jet
velocity, and sub-cooling.

Numerous publications for a free-surface, circular jet of water have indicated the
phenomenon of surface wetting by Hanasaki, et al. (1981), Hatta, et al. (1982), Hatta, et
al. (1983), and Hatta, et al. (1984). Their experiments were conducted with the jet (D =
10 mm) impinging vertically on a stainless steel plate (200 mm2 and 10 mm thick),
initially heated to 900 ºC. Temperature measurements were made at five locations on
the back surface of the plate, equally spaced in the radial direction at 20 mm intervals,
beginning at the stagnation point. The temperature distributions generally demonstrated
a gradual decline with time during the early stages of the quench due to covering the
surface by vapour. At later times, the temperature became low enough to allow the
liquid to penetrate the vapour film and wet the surface, including a more effective
cooling rate. Wetting of the surface occurred initially at the stagnation point and
travelled rapidly outward with increasing time. The sequence begins with the plate
appearing red in colour over the entire surface. With increasing time, a circular, dark
region, whose perimeter is closely related to the wetting front, develops and grows
throughout the quench. Beyond the dark region, the liquid accumulates into discrete
pools and is suspended above the surface by the underlying vapour.

Sano, et al. (1991), Conducting transient experiments, reported transition boiling data at
nine different streamwise locations (0 ≤ r ≤ 56 mm) for a free-surface, planar jet of
saturated water (Vn = 3.5 m/s). Marked differences in the transition boiling curves were
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evident with respect to the location on the surface. For a stable wall superheat, the heat
flux decreased non-diversely with increasing streamwise distance from the stagnation
point.

3.6 Film boiling
Lots of film boiling experiments has been carried out for past years. Zumbrunnen, et al.
(1989) performed film boiling experiments for a circular, free-surface jet of R-113 at a
single sub-cooling of 27 ºC. The jet impinged vertically upward onto a heated surface,
with inclination angles (relative to the heated surface) ranging from 45 – 90 ºC. The jet
velocity and nozzle diameter were also varied. Correlation of the film boiling data at the
stagnation point was achieved to within ±35 % for the wall superheat range 60 ≤ ∆Tsat
≤ 340 ºC by the dimensional expression:

q' ' = 0.0623 × 10 6 Vn0.5 ∆Tsat0.25

(3.18)

where q' ' is the total (convective and radiative) heat flux from the surface. The units

of q' ' , Vn and ∆Tsat are W/m2, m/s and ºC, respectively. No dependence on jet diameter
or impingement angle was detected. Using dimensional analysis based on the Rayleigh
method, they rearranged the correlation into the general form:

q ' '  µv2 


µv hlv  ρ v2 g 

0.33

 ρ 0.33 
= 1.35 v  Vn 
 µv g 


0.5

 kv ∆Tsat 


 µv hlv 

0.25

(3.19)

where µv is the viscosity of the vapour; kv is the thermal conductivity of the vapour.
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Furthermore, the effect of sub-cooling, which has been shown to influence strongly the
rate of film boiling heat transfer, was neglected.

Lamvik and Iden (1982) measured the average convective heat transfer coefficient from
a heated aluminium plate surface (Ts = 500 ºC) to a single jet and multiple circular jets
of water (free surface). Measurement of local surface temperature during quenching
were reported, but based on the experimental conditions it is presumed that both film
and transition boiling occurred during the process of the experiment. Average
coefficients are reported for a single horizontal jet impinging on a vertical surface, for a
vertical jet impinging on a horizontal surface from below, and for a vertical jet
impinging on a horizontal surface from above. It was suggested that the functional
relationship between the average coefficient and the jet velocity depended on the
orientation of the jet with respect to the gravitational field. The strongest dependence
was for the horizontal jet impinging on a vertical surface, while the weakest dependence
was for downward impingement of a vertical jet on a horizontal surface.

Kokado, et al. (1984) measured the rear-surface temperatures for a stainless steel plate
(Ts = 900 ºC) quenched by a circular water jet. Surface wetting began at the stagnation
point and spread radially with time. Outside the wetted region, the liquid was suspended
above the surface by the underlying vapour and cooling occurred through convective
film boiling and radiation to the surroundings. Heat flux boundary conditions on the
impingement side of the plate were repeatedly applied to a two – dimensional condition
model, in an attempt to reconstruct the measured temperature distribution on the
opposite surface. Based on heat fluxes imposed in the nonwetted region of the plate and
accounting for radiation losses, the following empirical expression was proposed for the
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convective heat transfer coefficient associated with film boiling in the parallel – flow
region:

h = 200

2420 − 21.7Tl
∆Tsat0.8

(3.20)

where h, Tl and ∆Tsat have the units of W/m2, ºC, and ºC, respectively.

The effect of surface motion on forced convection film boiling heat transfer in the
parallel flow region of planar jet has been analysed by Zumbrunnen, et al. (1989). In an
integral analysis of the laminar vapour and liquid boundary layers flows, they
determined the extent to which plate motion can affect heat transfer upstream and
downstream of the impinging jet. For current motion of the fluid and surface with a
−

dimensionless plate velocity of 20 ( V p = V p / U ∞ ), the convective heat transfer
coefficient was predicted to increase by a factor of 5 relative to that for a stationary
−

surface. For contrary motion with modest plate velocities ( V p = −0.6 ), convective heat
transfer was approximately one half of that for a stationary surface. In terms of film
boiling on a moving surface with jet impingement (typical for the cooling of primary
metals), increasing plate velocities will suppress and enhance heat transfer, respectively,
upstream and downstream of the impinging jet. Heat transfer is restrained by thickening
of the upstream vapour layer due to vapour being dragged with the plate and against the
bulk flow; heat transfer is augmented by thinning of the downstream vapour layer due
to vapour being dragged in the direction of the bulk flow. Significant enhancements in
heat transfer with increased sub-cooling were also reported for both stationary and
moving surface. For a stable surface temperature, the relative contribution of radiation
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to the total heat transfer was shown to be largest on the upstream side of the jet due to
the poorer convective transport. On the downstream side, radiation became less
−

significant as V p increased.
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Chapter 4

Experiments set up

4.1 Introduction
In this study, all the experiments concerned the accelerated cooling of a heated steel
plate. The laboratory test facility used in this research consists of a furnace for heating
the tested steel plate, a test bed for cooling the heated steel plate, a flow meter set for
controlling the flow rate of cooling water by adjusting the water tap, and a water pump.
Thermocouples were employed to measure the temperature distribution of the target
steel plate. To eliminate the effects of the surface oxidation on the heat transfer,
nitrogen gas was blown into the furnace while heating the steel plate. Labview (data
acquisition software) and DAQ board (data acquisition board) were applied to collect
the experimental data. According to the approximately wetted area in the cooling
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process that was predicatively measured, the tested steel plates had the dimension
of 130 × 130 × 10 mm.

The purpose of this experimental study was to characterize the local heat transfer
coefficients for the axisymmetric water jet impinging against a flat uniform heat flux
surface. The mainly considered factors that would affect the heat transfer in this study
were water jet impinging velocity, water nozzle diameter, nozzle-to-surface spacing, the
temperature of cooling water and the initial temperature of tested steel plate. The results
from the computation and analysis will show the effects of the factors mentioned above
on the heat transfer.

Figure 4.1 shows the laboratory test facility acquired from research Lab. It was used for
research related to the thermo-mechanical treatment of steel. This facility had been used
in conjunction with an experimental rolling mill to simulate a number of thermomechanical controlled processes applied to steel products, including direct quenching
and self tempering and three stages cooling of steel strip.

This test facility was also able to produce a broad range of cooling rates. For example
with a 12 mm thick steel plate, the controlled cooling rates between 9 ºC – 50 ºC per
second could be achieved. To realize this range of cooling rates, the cooling water
sprays were required to be capable of providing a wide range of heat transfer conditions.
The chosen sprays used a mixture of air and water at varying pressure to alter water
droplet size, impinging velocity and water flow rate to the steel strip surface and so
various heat transfer coefficients were obtained. Most of the testing was performed on
flat steel plates, which were hot rolled on the adjacent laboratory mill.
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Figure 4.1a Laboratory test facility (Front side)

Figure 4.1b Laboratory test facility (Left side)
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To study the heat transfer characteristics of the cooling process on a hot steel plate by
water jet impingement, the above-mentioned laboratory test facility was set up in the
Innovation Center at Coniston, Wollongong. To adapt to the aims of this research, this
test facility was modified accordingly.

Figure 4.2 shows the modified test facility for this study. To provide a wide range of
flow rates of cooling water for the following heat transfer experiments, a water pump
was employed in this test facility and it was possible to obtain the varied water flow
rates by just simply adjusting the valve located on the cooling water pipe. In addition,
three water nozzles with varied diameter and different nozzle-to-surface spacing were
also made to obtain varied impinging velocities of water jet on the stationary tested
surface. All the heat transfer experiments in this study were performed on the hot flat
steel plates. The experimental details are described in the following sections.

Furnace
Furnace

Hot
Steel
Tested
Plate
plate

Control
ControlPanel
panel

Nozzle
Nozzle

Flow
Meter
Flowmeter

Test
Test Bed
bed

Thermocouple
Thermocouple

Computer
Computer

Figure 4.2 Sketch of the test facility in this study

Pump
Pump
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4.2 Test facilities
Figure 4.3 shows the sketch of a close-up image of jet impingement on the test plate.

header

Header
Single round
vertical nozzle

Single Round Nozzle

stagnation
zoneZone
Stagnation
free
surface
Free
Surface

testedSteel
steel plate
Test
Plate

Figure 4.3 A close-up sketch of jet impingement on the test plate

Essentially this modified test facility comprised of one single round nozzle. A
500 x 500 x 10 mm test bed on which the hot steel plate was placed. A water nozzle was
installed over this test bed. The height of the test bed was adjustive so that the required
nozzle-to-surface spacing could be adjusted.

Only one of nozzles of the test facility was used and it delivered a vertical water jet onto
the stationary square hot steel plate. Three water nozzle diameters in size were tested in
this study (D = 14.1 mm, 10.67 mm and 4.36 mm, respectively). An electronic control
panel was designed and installed to control the water nozzle switch in this flow system.
According to the actual needs of this study, the test steel plate was made with
130 × 130 × 10 mm and supported by four pin supports at each corner. In addition, eight
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thermocouples were embedded beneath the steel plate to measure temperature
measurements as the plate was being cooled in the different experiments.

Also, a flow meter was installed in this test facility to measure the flow rate of the
cooling water from the nozzle. Furthermore, a computer data logging system was
designed and employed during all the heat transfer experiments. This data logging
system was comprised of a DAQ board and a process control and data acquisition
program supported by Labview engineering software.

In addition, this test rig also consisted of an electric heating furnace (Nabertherm,
model1), water pump (onga, model 415) and a steel water tank (3 x 2.5 m). During
heating the steel plate, nitrogen gas was blown into the furnace to prevent oxidation of
the plate surface.

Overall, this study aimed to apply the fundamental laws of heat transfer and fluid
dynamics to determine cooling rates, temperature distributions and heat fluxes. In
addition to this it should be mentioned that only water cooling was analyzed in this
investigation.

4.3 Test plate
Plain carbon steel was selected for the present experiments. The typical chemical
composition of the sample steel is listed in Table 4.1.

Table 4.1

steel
plain carbon steel

Mn
Si
less than 1% less than 0.1%

AISI 1010
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4.4 Temperature measurement
4.4.1 Thermocouple advantages
Thermocouple plays an important role in the measurement of temperature for all
manners of applications. Its advantages include:
1. Simple and rugged
2. Fast response
3. Inexpensive
4. Wide temperature range
5. Large variation in size available

4.4.2 Thermocouple response time
Response time is also an important factor in the temperature measurement, and it is
defined as the time required by a sensor to reach 63.2% of a temperature step change
under specified conditions. It is known that the smaller the thermocouple the faster the
time response.

4.4.3 Thermocouple selection
There are many considerations which are required when selecting the correct
thermocouple:
1. Working medium
2. Medium temperature range
3. Response time required
4. Critical temperature of thermocouple
5. Measurement accuracy
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Also, it is necessary to protect the thermocouple because most thermocouples are
designed to perform in ideal atmospheres. As the connection to the data acquisition
board, the compensating cable is not made from the same material as the thermocouple,
but the wires have been chosen to approximately the response of the thermocouple.

4.4.4 Thermocouple specifications
In this study, the temperature of the test steel plate was up to 900 °C. The specifications
of the selected thermocouples and compensating cables used in this study are shown as
following:
1. Thermocouple model: type K
2. Thermocouple diameter: 1.5 mm
3. Thermocouple length: 1000 mm
4. Response time: 0.02 second
5. Temperature range: -100 ºC – 1260 ºC
6. Voltage range: 0 to 10 Dv
7. Accuracy: ± 2.1 ºC
8. Stainless steel sheath
9. Insulation: MgO

Due to its reliability and accuracy, Type K thermocouple is used widely at temperatures
up to 1260 ºC. It is good practice to protect this type of thermocouple with a suitable
metal (or ceramic) tube. In oxidizing atmospheres, such as electric furnaces, since the
wire is not easy to be oxidized rapidly at higher temperature, tube protection is not
always necessary when other conditions are suitable. However, it is recommended for
cleanliness and general mechanical protection.
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Figure 4.4 Type K thermocouple

Figure 4.4 shows the employed Type K thermocouple in this study. Its wires contain
two 0.254 mm diameter wires (chromel and alume) that are insulated from each other
by MgO powder and sheathed with stainless steel 304. The outer diameter of the sheath
is 1.5 mm.

4.4.5 Thermocouple installation
Thermocouple installation is very important in the temperature measurement, and it
determines the accuracy of measured temperature data. As the tip of thermocouple is
very small and it could only measure the temperature of a point touched with it, so it is
necessary that the touching point between thermocouple tip and measured point must be
touched well. In this study, thermocouples were embedded 1mm underneath the steel
plate surface.
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Figure 4.5a Sketch of thermocouple installation locations
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Figure 4.5b Sketch of supporting accessories
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Figure 4.5 shows the sketch of temperature measurement locations and thermocouple
installation on the test steel plate. A screw thread hole was drilled through the test plate
from the bottom side at the desired measurement point with a 9 mm in depth and 8 mm
in diameter. The supporting accessories (shown in Figure 4.5b) were machined as well
(including a bolt, a breechblock and a nut). It should be noticed that the drilled screw
thread hole must be clean first and then filled some aluminum powder, which is a high
conductivity material, to ensure good contact between thermocouple tip and measured
point before thermocouple was installed in. The sheathed thermocouple wires were
inserted into the hole by traversing through the three supporting accessories. When the
thermocouple tip touched the measured side, the nuts were screwed until thermocouple
tip touched the measured side tightly and immovably.

4.5 Data acquisition
4.5.1 The board
The employed data acquisition (DAQ) board in this study was PCI-MIO-16XE-50
model that belongs to the PCI series products from National Instruments Corporation. It
is a high performance multifunction analogue, digital, and timing I/O bus computer.
Supported functions include analogue input, analogue output, digital I/O, and timing I/O.
Figure 4.6 shows the PCI-MIO-16XE-50 data acquisition board.

The purpose of this DAQ system is to measure and generate the real-world temperature
signals. Before the computer-based system in this study can measure a temperature
signal, they must be converted into a voltage signal. The DAQ board is often considered
to be the entire DAQ system, although it is actually only one system component. The

Chapter Four Experiments Set Up

75

software (Labview) controls this DAQ system by acquiring the raw data, analyzing the
data, and presenting the result.

Figure 4.6 PCI-MIO-16XE-50 data acquisition board

Figure 4.7 shows the DAQ system used in this study. In this system, the DAQ board
resides in the computer. The computer and the DAQ board communicate through
various buses such as the parallel port, serial port, and GPIB. This system is practical
for remote data acquisition and control application.

Figure 4.7 DAQ system components
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Figure 4.8a Labview graphical programming of temperature measurement (Front panel)

Figure 4.8b Labview graphical programming of temperature measurement (Block program)
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4.5.2 Labview
Labview is a graphical programming language that uses icons instead of lines of text to
create applications. In contrast to text-based programming languages, where instructions
determine program execution, Labview uses dataflow programming, where the flow of
data determines execution. In this study, a Labview programming was built to measure
the temperatures on eight locations and the flow rates at the same time. Figure 4.8
shows the sketch of the graphical programming by Labview.

4.6 Water nozzle
The water nozzles used in this study were round copper ones (D = 4.36mm, 10.67mm,
and 14.1mm, respectively). These nozzles were shaped perfectly basing on the work
standard and criterion. The specifications and performance of the nozzles are given in
the following. Figure 4.9 shows the employed water nozzle in this study.

Figure 4.9 Water nozzle

1. Nozzles diameter: 4.36 mm, 10.67 mm, and 14.1 mm
2. Nozzle length: 95 mm
3. Nozzle material: brass
4. Nozzle exit: rounded
5. Machining standard: ISO criterion
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6. Large turn down rate while providing a uniform water flux distribution
7. Easily adjusted for a wide range of water jet velocity

4.7 Flow meter
To measure the velocity of cooling water issuing from the exit of water nozzle, a flow
meter was installed in the test facility. The specifications and performance of the flow
meter and its flow readout are given in the following. Figure 4.10 and figure 4.11 show
the employed flow meter and flow rate readout, respectively, in this study.

Figure 4.10 Model 1100 turbine flow meter

1. Model: 1100 turbine flow meter
2. Medium: water and water based fluids
3. Body (Housing): #316 stainless steel
4. Turbine rotor: type #416 stainless steel
5. Turndown ratio: 10:1
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6. Accuracy: ± 1% of reading
7. Operating pressure: 5000 PSI Max
8. Operating temperature: - 73 ºC to +163 ºC
9. Model: DRM-100 digital readout
10. Sensor: external Flo-tech frequency sensor
11. Accuracy: ± 0.25% of full scale

Figure 4.11 Model DRM-100 digital readout

4.8 Cooling time
The accuracy of measuring the start time of cooling has a major influence on the
calculation of the heat transfer coefficient. In this study, it was recorded from the
moment the temperature of stagnation point started to drop off and the cooling time
would last 8 seconds. Labview was used to record the cooling time, which minimum
time interval of measurement was 0.05 second. By the data file recorded by Labview,
start time was determined and its measuring uncertainty was lower.

Chapter Four Experiments Set Up

80

4.9 Experimental procedures
Each test steel plate had to be heated to a temperature slightly higher than the test
temperature because some amount of heat would be lost from the heated test plate
during the transfer from furnace to the test bed. Then, this hot steel plate was taken out
of the furnace and positioned on the test bed (underneath the water nozzle). It required
approximately 2-3 seconds for the transfer of the hot plate to the test bed. Although the
plate was not insulated during the transferring process, the heat loss from the edges of
the plate can be neglected due to the very short time interval in experiment. While the
temperature of the steel plate dropped the required temperature, the cooling water was
turned on and impinged on the hot plate surface. The initial temperatures of test plates
in all these experiments were varied from 600 ºC to 900 ºC. The nozzle-to-surface
spacing was varied from 15 mm to 75 mm.

In the flow visualization experiments, a high-speed cine camera was used to record the
digitized heat transfer images. The experimental data was acquired with the DAQ data
acquisition system.
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Chapter 5

Data Analysis

5.1 Introduction
The aim here is to make use of the measure temperature data as boundary conditions for
the solution of the transient heat conduction equation:

∂T
1  ∂  ∂T  k ∂T ∂  ∂T  
=−
k
+
+
k
∂t
ρ Cp  ∂r  ∂r  r ∂r ∂z  ∂z  

(5.1)

k
ρCp

(5.2)

α=
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α ---- Thermal diffusivity, m2/s
k ---- Thermal conductivity, J/m.s. 0C
ρ ---- Density, kg/m3
Cp ---- The specific heat at constant pressure, J/kg. 0C
T ---- Temperature, 0C
r ---- Distance in the radial direction, mm
z ---- Distance in the vertical direction, mm

z
C'

D

C

B'

A

B
r

Figure 5.1 Control volumes for the numeral model
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Figure 5.1 shows the control volume in which the numerical model is based upon.
Axis-symmetrical of temperature within the steel plate is assumed. Let “z” be the axis
of symmetry and “r” the radial measurement. The temperatures are measured on the top
surface of the control volume (represented by the line CD). This surface is 1 mm below
the cooling surface of the steel plate. The time dependent temperature distribution along
CD is measured directly by thermocouples and will be discussed later in this section.
Since the time interval of the cooling process considered here is comparatively short -8 seconds, the steel plate will only be cooled on a fraction of its volume near the top
surface, the temperature on the lower control surface, AB, which is 9 mm below AB is
assumed that heat transfer has yet to take place, hence the temperature gradient along
AB in the “z” direction is zero. Along the line of symmetry, AD, the temperature
gradient along the r direction is set to zero. The cylindrical surface, BC, is 45 mm from
the centre. The temperature on this surface is obtained by interpolation from the
temperature just within this surface.

It is assumed that the temperature distribution is symmetrical about the “z” axis. For the
situation of this study, eight thermocouples were embedded 1 mm under the top surface
at eight key locations to measure their corresponding temperatures. The size of the_for
the thermocouple dictates the minimum spacing of the thermocouple. The location of
the thermocouple aims at giving the minimum spacing. Due to the size of the fixtures
for the thermocouples, these points are unable to be arranged along a straight line.
Instead, their locations are shown in the plan diagram of Figure 5.2 and only their radial
distances from the centre are relevant. The measured temperature data with these eight
thermocouples were interpolated into a set of data equally spaced along the r-axis.
These data sets are used as time dependent boundary conditions on the surface CD.
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Figure 5.2 Locations of thermocouples (Unit: mm)

5.2 The finite difference scheme
The computation domain (that is the control volume) is discretized into sections which
are of equal increment ∆z along the z-axis and ∆r along the r-axes as shown in
Figure 5.4. An increment of time, ∆t, is assigned. For the temperature on a space-time
location (z, r, t) = (j ∆z, i ∆r, n ∆t), the discrete notation is given by Ti ,nj .

Note that the conductivity, k, is temperature dependent and is given by the formula

k = -0.0437 * T + 62.049 (with an absolute error of 0.06%)

Hence:

k (Ti ,nj ) = −0.0437Ti ,nj + 62.049 = k in, j

(5.3)

(5.4)
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From these approximations, it was seen that the temperature mesh and the thermal
conductivity mesh did not directly line up. Therefore, it was also necessary to define a
value for each of the thermal conductivity in the expressions. This was achieved by
using a simple averaging formula.

k n i+1/2,j =

k n i,j + k n i+1,j
2

(5.5)

k n i-1/2,j =

k n i,j + k n i-1,j
2

(5.6)

k n i,j + k n i,j+1
=
2

(5.7)

k n i,j + k n i,j-1
2

(5.8)

k

n

i,j+1/2

k n i,j-1/2 =

The relative locations as prescribed above are shown in Figure 5.3.

Figure 5.3 Stencils for thermal conductivity (k)
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It follows that the finite difference approximation (FDA) for the components of
Equation (5.1) can be expressed as follow:

∂T T n+1i,j -T n i,j
=
∂t
∆t

(5.9)

n
n
n
n
n
n
n
∂ ∂T k i+1/2,jT i+1,j - ( k i+1/2,j + k i-1/2,j ) T i,j + k i-1/2,jT i-1,j
k
=
∂r ∂r
∆r 2

n
n
n
k ∂T k i,j T i+1,j - T i-1,j
=
r ∂r i • ∆r
2 ∆r

(5.11)

n
n
n
n
n
n
n
∂ ∂T k i,j+1/2 T i,j+1 - ( k i,j+1/2 + k i,j-1/2 ) T i,j + k i,j-1/2 T i,j-1
=
k
∂z ∂z
∆z 2

The boundary conditions are as follow:

jx
C

D

j=0
A

i=0

(5.10)

B

Figure 5.4 The computation domain

ix

(5.12)
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On CD, the values of the temperature at any given time are given by the data
interpolated form the measurements from the thermocouples

•

On BC, where r = (ix)∆r, a horizontal extrapolation formula was applied to give
the value of temperature: Tixn, j = 3Tixn−1, j − 3Tixn− 2, j + Tixn−3, j

•

For a flag = AB, where z = 0 (ie, j = 0), a vertical extrapolation formula was
applied to give the value of the temperature: Ti ,0n = 3Ti ,1n − 3Ti ,2n + Ti ,3n ,

•

∂T
=0
∂z

For a flag = DA, values were calculated from a specified boundary condition,
∂T
= 0 , this leads to the modification of equation (5.13) and (5.14) into the
∂r
respective forms:

k
∂ ∂T
k
=2
∂r ∂r

n
1/2,j

T n1,j - k n 0,jT n 0,j
∆r 2

T n1,j -T n 0,j
k ∂T
n
= 2k 0,j
r ∂r
∆r 2

(5.13)

(5.14)

Initially, as soon as the plate was removed from the furnace and placed on the test bed,
it was assumed that the control volume of the plate was held at a uniform temperature
equal to the average of the temperature measured by all the thermocouples. The density
(ρ), specific heat (Cp) and steel thermal conductivity (k) could be obtained from the
average temperature.
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The Crank-Nicolson method essentially approximates the time partial derivative at the
(n + ½) time step with a second order central difference approximation. In addition, it
has been proved that the Crank-Nicolson approximation of the diffusion equation is
both consistent and unconditionally stable (Hoffman (1992)). Hence, by the Lax
equivalence theorem, it implies that the scheme is also convergent. The Crank-Nicolson
scheme is also an iterative method of calculation, so the Successive Over Relaxation
(SOR) techniques were also applied in the computation as well. The Crank-Nicolson
approximation to the above partial differential is as follows,

Tn+1 i,j = Tn i,j - (∆t / ρCp) [λGn i,j + (1-λ) Gn+1 i,j]

 k n i+1/2,jT n i+1,j - ( k n i+1/2,j + k n i-1/2,j ) T n i,j + k n i-1/2,jT n i-1,j 


∆r 2


n
n
n


k
T
T
i+1,j
i-1,j

+ i,j
Gin, j = 
i • ∆r
2∆r


n
n
n
n
n
n
 kn
T
- k
+ k i,j-1/2 ) T i,j + k i,j-1/2 T i,j-1 
 + i,j+1/2 i,j+1 ( i,j+1/2



∆z 2

(5.15)

(5.16)

and on the line of symmetry (i = 0),

G0,n j



k n1/2,jT n1,j - k n 0,jT n 0,j
2


2
∆r


n
n


T 1,j - T 0,j
=
+2k n 0,j

∆r 2


 k n 0,j+1/2 T n 0,j+1 - ( k n 0,j+1/2 + k n 0,j-1/2 ) T n 0,j + k n 0,j-1/2 T n 0,j-1 
+

∆z 2



(5.16a)
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Where, T’s are calculated at the (n) time step.

The FDA format for all of the above partial derivatives has already been described in
this chapter.

Finally, the value of λ in the Crank-Nicolson equation allows for transition between
explicit, implicit and Crank-Nicolson methods of calculation.

•

If λ = 0, the finite difference approximation is implicit.

•

If λ = ½, the finite difference approximation is Crank-Nicholson.

•

If λ = 1, the finite difference approximation is explicit.

5.3 The Calculation the Heat Flux
Once the temperature distribution within the control volume had been determined, it
was possible to calculate the heat flux (q) from the control volume. Although the
calculated heat flux did not exactly equal to the real value on the hot steel plate, it was
assumed: a) as the control volume was only 1mm below the free surface of the steel
plate, so the heat flux at the top of the control volume would be slightly lower than the
real heat flux value; b) as this heat flux would be close to the actual heat flux value, so it
could be used to determine the cooling efficiency. The methodology used to determine
the control volume heat flux is described as below.
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Because the control volume was a solid object with no appreciable surface convection,
so the only mode of heat transfer present was conduction along the Z-axis.
Subsequently the heat flux could be determined from the one dimensional Fourier
equation.

q = −k

∂T
[W/m2]
∂z

(5.17)

The first step in applying the one-dimensional Fourier equation was to develop a value
for the partial differential term from the Lagrange polynomial,

Heat Flow

z

Free Surface

Ti, jx
Ti, jx-1
Ti, jx-2

Control Volume

0
Figure 5.5 Heat flux control volume

−(

Ti , jx − 2 − Ti , jx Ti , jx − 2 − 2Ti , jx −1 + Ti , jx
∂T
+
) i , jx =
∆z
∂z
2∆z

This relationship was substituted back into the original Fourier equation.

(5.18)
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q=

k
(−3T jx + 4T jx −1 − T jx − 2 )
2∆z

(5.19)

Equation (5.19) should be rewritten in a computational array format because previous
calculations and computations had all been achieved through finite difference methods.
And it was also important that the material thermal conductivity (k) was a temperature
dependent factor, so it must be calculated from the previously defined formula that
related the thermal conductivity to the temperature. The heat flux at (i, jx) is given by:

q

n
i , jx

=

k in, jx
2∆z

(−3Ti ,njx + 4Ti ,njx −1 − Ti ,njx − 2 )

(5.20)

k in, jx = −0.0437 * Ti ,njx + 62.049

where,

(5.21)

By equation (5.20) and (5.21), the heat flux along the top of the control volume was
determined.

q

qr

r
i-1

i

i+1

Figure 5.6 Total heat flux
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To get the heat flux in any hatched area (such as the one shown in Figure 5.6), it was
necessary to employ a numerical integration technique that was similar to the wellknown Simpson’s Rule. The total heat flux across two r-grid spacings (such as the one
shown in Figure 5.6) was determined from the following integration formula

qr =

ri +1

∫ q ' 2π r.dr

(5.22)

ri −1

q' is determined at any position in the r direction from the Lagrange polynomial. In
addition, the values of q within the polynomial were obtained from the previously
defined formula that relates surface control volume heat flux to the temperature near the
surface of the control volume.

q' = q

n
i , jx

+

qin+1, jx − qin−1, jx
2∆r

(r − ri ) +

qin+1, jx − 2qin, jx + qin−1, jx
2 ∆r

2

(r − ri ) 2

(5.23)

After substituting this expression (for q' ) back into the integral equation, and carrying
out the integration across the specified bounds, the resultant formula was written as
follow.

 n

qin+1, jx − qin−1, jx  1 3
ri 2
2
2
3
2 
(
)
(
)
r
r
r
r
−
+
−
qi , jx (ri +1 − ri −1 ) +

i −1
i +1 
 3 i +1 i −1
2
∆r






qr = π 

 q n − 2q n + q n

2ri 3
ri 2 2
i , jx
i −1, jx  1
4
4
3
2 
+ i +1, jx
(ri −1 − ri +1 ) + (ri −1 − ri +1 )
 (ri +1 − ri −1 ) +

3
2
∆r 2
4
 


(5.24)
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Therefore, the total heat flux across any two adjacent grid spacings on the top of the
control volume were determined by using the equation (5.24) and the previous formula
that relates control volume surface heat flux to control volume surface temperature. To
find the total heat flux across the entire control volume, the pre-mentioned formulae had
to be applied to pairs of grid spacings along the r direction. These individual pairs were
put together to determine the total heat flux. In addition, because of this particular
method of calculation, it was important that the number of grid spacings chosen in the r
direction was an even value.

5.4 Dimensionless Numbers
As a final calculation, certain dimensionless numbers had to be determined so that a
trend in the overall data could be obtained. This trend reflected the efficiency of the
whole cooling process and the relationship between Nusselt numbers, Froude numbers
and Reynolds Number. To determine these numbers, it was necessary to carry out some
simple arithmetic to find characteristic lengths and velocities.

Figure 5.7 and the associated arithmetic (5.25) and (5.26) show the details of this
dimensionless analysis along with the major applied assumptions.

Vn
D

H

Water jet
Vj
dj

Steel plate

Figure 5.7 Water jet impinging on plate
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As Flow rate remains constant within the water jet, the continuity equations can
be applied.



4Q
 Vn =

2
πD





1
V j = (Vn2 + 2 gH ) 2 






1
 d = ( 4Q ) 2 
j


πVj





•

(5.25)

From equation (5.25), the dimensionless numbers were found to be:

Vd


Re = j j


ν






Vj


Fo =


djg






q


Hd j ∆T d j qd j 

 Nu = k = k = ∆Tk 






∆T = Ts − Tw



(5.26)

In these equations, the heat fluxes q was obtained from the previously defined formulas.
In the actual data analysis, the heat fluxes at the central point of the impingement zone
were used to determine relationships between the dimensionless numbers. And all other
factors (such as thermal conductivity (k), kinematic viscosity (ν) and temperature
change (∆T)) were regards as constants during the calculations.
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From this simple dimensional analysis, it was possible to obtain a graphical relationship
between Nusselt number and Reynolds number, Nusselt Number and temperature
change, and Nusselt Number and cooling time. In addition, from these graphical
relationships it was also possible to determine the efficiency of the cooling process
under varying flow rates.
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Chapter 6

Flow Visualization Analysis

6.1 Introduction
In the previous chapters, the characteristics of heat transfer in a cooling by water jet
impingement on a hot steel plate were discussed. These discussions concerned the
boiling analysis of water jet impingement and the correlative numerical method. Varied
heat transfer experiments have also been done and a large amount of experimental data
has been obtained that was used to calculate the heat transfer rates and plot out the heat
transfer characteristics.

However, flow visualization analysis is another important method to study the cooling
on a hot steel plate by water jet impingement. The purpose of this study is to visually
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capture the cooling process by the water jet impingement compare with the analysis of
temperature data.

Researchers have previously carried out many flow and thermal visualization studies.
Ashforth-Frost and Rüdel (2003) applied thermochromic liquid crystals to the natural
convection flows for the thermal and hydrodynamic visualization of a water jet
impinging on a flat surface. Three nozzle diameters and a turbulent Reynolds number of
35500 was considered in this research. They observed the thermal development of the
impinging and resultant wall jet as well as the flow characteristics typical of turbulent
impinging jets. For the flow visualization, it was observed that vortices were formed at
the exit of the nozzle and then were transported to the stagnation zone; the wall eddies
were also found accelerating along the plate surface in the radial direction. For the
thermal visualization, they found that the thermal boundary layer became thinker as the
temperature gradients fall and the temperature of the wall jet decayed fastest in
stagnation zone.

Liu, et al. (1991) observed laminar flow around the stagnation region under an liquid jet
impingement and found that the growth of the thermodynamic and hydrodynamic
boundary layers adjacent to the surface are suppressed by the downward momentum of
the jet and only begin to grow at a distance one radius of the jet away from the center
line. The flow becomes turbulent at a distance 1200(ReD)-0.422 from the jet center line.

Liu, et al (2001) also recorded the flow visualization at the impinging surface. They
found that the initial plate temperature and water jet impingement velocity have strong
effect on the heat transfer rate from a hot steel plate.
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This study, different from the formers, is focused on the transient heat transfer process.
The sequence of transient flow visualization images could be used to review heat
transfer situation at every moment during the whole cooling process. The boiling
bubbles and the vapour steam distributed on the hot surface could also be observed
clearly. The maximum wetted area on the hot surface relative to the diameter of the
nozzle were also measured in this flow visualization study.

The layout of the high-speed photography is shown in Figure 6.1. The silhouette images
of the jet flow of water were captured at 1000 frames per second by a cine camera.

Figure 6.1 A schematic set up for high-speed photography

The optical axis of the camera was aligned with the same level as the steel surface. The
surface of hot steel plate was fully polished as well to reduce the steel surface
oxidization. A piece of thin white paper was placed between the outer side of the
transparent plastic wall and the light source in order to spread the light evenly. As soon
as the tested steel plate was heated up to approximate 700 ºC, the water nozzle was
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turned on, and also the high-speed cine camera was switched on to record the whole
cooling process on the steel surface at the same time. The shooting time lasted about 8
seconds for each filming test. The high-speed cine camera with accessories and the film
processor are shown in Figure 6.2 and Figure 6.3.

The specification of the high-speed cine camera is listed below:
•

Type: EAC high speed cine camera

•

Max frame rate: 8000 FPS

•

Event SYNC: 0.5 SEC

•

Time mark: Up to 100 Hz

•

Shutter constant: 5

Figure 6.2a The high-speed cine camera (Front side)
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Figure 6.2b The high-speed cine camera (Left side)

Figure 6.2c Filming controlling panel
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Figure 6.3a The film processor (Front side)

Figure 6.3b the Film Processor (the Control Panel)
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The specification of the film processor is listed below:
•

Type: 16-35B Negative film processor

•

Drive speed: 4

•

Solution temperature: 40 °C

•

Amps: 5

•

Volts: 240 V

6.2 The scale used in images analysis (β)
Figure 6.4 shows the schematic of scale calculation for the image analysis in this
visualization study of heat transfer. The size of test steel plate used in this study is 130
mm × 130 mm × 10 mm. The width (L1, mm) of the steel plate and the diameter of the
water jet (L2, mm) in the film image could be measured by Optimas software. The real
diameter (dj, mm) of water jet may be calculated by equation 6.1.

dj = L2/ β

(6.1)

where β is the scale factor, β = L1/130.

To determine the scale, six groups of L1 were measured in the table 6.1.

Table 6.1
No

1

2

3

4

5

6

L1 (mm)

66.59

68.26

67.15

67.98

66.79

68.05

Average L1 (mm)

67.47

Chapter Six Flow Visualization Analysis

103

β = 67.47 / 130 = 0.519

(6.2)

L2

L1

Figure 6.4 The schematic of scale calculation

6.3 Water jet velocity (Vj)
The velocity of water jet impingement on the hot surface can be obtained in this study
by the equation 6.3 and equation 6.4.

Vj = (Vn2+2gH)1/2

(6.3)

Vn = 200Q/3πD2

(6.4)

where, Vj is the velocity of water jet impingement on the surface (m/s); Vn is the water
jet velocity issued from the nozzle exit (m/s); H is the distance from the nozzle exit to
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the hot surface (mm); D is the nozzle diameter (mm); Q is the flow rate of cooling water
(L/min); g is gravitational acceleration.

In this flow visualization study, this nozzle diameter was 10.67 mm, the distance from
the nozzle exit to the hot surface was 75 mm, the temperature of cooling water was
16 ºC, and the initial plate temperatures were around 700 ºC. Three flow rates of cooling
water, 4.3 L/min, 7.1 L/min and 10.5 L/min were tested in this visualization study. The
corresponding three initial velocities from the water nozzle (Vn) were 0.80 m/s, 1.32
m/s, and 1.96 m/s and the correlative jet impingement velocities were 1.45 m/s, 1.79
m/s and 2.30 m/s, respectively.

6.4 Visualization
Film images of the flow visualization of water jet impingement were digitized by the
professional software, OPTIMAS, via a scanner. By analysing the digitized film images,
the flow characteristics during the cooling process will be observed and obtained. The
diameter of water jet and wetted area, and the water hydraulic jump will be discussed in
the following sections.

6.4.1 Diameter of water jet (dj)
After cooling water issued from the nozzle exit, the water jet diameter (dj) slightly
reduced (dj < D) due to the effect of gravitational acceleration. The diameter of water jet
depends on the diameter of water nozzle (D), nozzle-to-surface space (H), water flow
rate (Q) and initial jet velocity (Vn, issued from the nozzle exit). This phenomenon
occurred along the free surface of water jet in all tests in this study.
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The effect of initial jet velocity on the diameter of water jet is mainly discussed in this
section. The water nozzle of 10.67 mm in diameter was used to measure the correlative
water jet diameter with varied initial water flow rate. The nozzle- to-surface space was
75 mm and the water flow rates were 4.3 L/min, 7.1 L/min and 10.5 L/min, respectively.
With three varied initial jet impingement velocities, Vn, of 1.96 m/s, 1.32 m/s and 0.8
m/s, the corresponding diameters of water jets were measured to be 9.22 mm, 8.75 mm
and 8.64 mm, respectively.

Table 6.2 shows the actual diameter of water jet varying with the initial water jet
velocities.

Table 6.2

D(mm)

Q(L/min)

H(mm)

Vn(m/s)

dj(mm)

10.67

4.3

75

0.8

8.64

10.67

7.1

75

1.32

8.75

10.67

10.5

75

1.96

9.22

It is seen that the water jet diameter increased as the initial water jet velocity increased.
This may be due to the effect reduction of gravitational acceleration on the surface
tension in the situation of higher jet impinging velocity and the enhancement of surface
tension at the lower initial water jet velocity. This water jet diameter is an average
diameter because the water jet diameter is not very uniform for the whole water jet. The
reduction between nozzle diameter and water jet diameter (for the correspondingly
nozzle-to-surface space) are 19 %, 18.99 % and 14 % in the order of initial water jet
velocities of 0.8 m/s, 1.32 m/s and 1.96 m/s, respectively.
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This reduction of water jet diameter has to be considered when an accurate water jet
diameter is used during steel cooling. The rate of reduction will depend on the varied
cooling conditions.

6.4.2 Flow visualization
The steel plate that was heated up to a high temperature (between 528 ºC and 894 ºC)
and clamped out of an industrial furnace, it was glowing red in colour. At the moment
the water jet impinged on the hot surface, the colour in the stagnation zone (r < 0.5D)
deemed from red to grey first and went dark in a very short time. The water jet
continued flowing to the radial direction. Incropera, Wolf, and Viskanta (1993)
suggested that the two zones exist in the radial flow zone: the single-phase flow region
and nucleate-boiling region. In the single-phase flow region, which extends from the
stagnation point to the annular hydraulic jump, the wall jet flow structure is laminar and
appears steady. Beyond the hydraulic jump, the flow is turbulent and the nucleate
boiling heat transfer takes place.

In this study, three initial plate temperatures of 698 0C, 701 0C and 708 0C were tested
for high-speed flow visualization. The three sequences of images are shown in
Figure 6.5 with varied water jet impingement velocities. These silhouette images of the
jet flow of water were digitized at 1000 frames per second by a cine camera.

The formation of the ring of hydraulic jump was quickly established and it extended
rapidly to a radius of 4.8 times the water jet diameter. Beyond the ring of hydraulic
jump, full boiling of water occurred and only steam and droplets were observed.
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Vj = 1.45 m/s, D = 10.67mm, Ts = 698 0C, Tw = 16 0C

t = 1 ms

t = 16 ms

t = 26 ms

t = 29 ms

t = 32 ms

t = 36 ms

t = 40 ms

t = 45 ms

t = 52 ms

t = 60 ms

t = 71 ms

t = 80 ms

t = 84 ms

t = 91 ms

t = 96 ms

t = 100 ms

Figure 6.5a Photographs showing the flow of water on a steel plate,
which was initially heated up to 698 0C
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Vj =1.79 m/s, D = 10.67mm, Ts = 706 0C, Tw = 16 0C

t = 2 ms

t = 10 ms

t = 21 ms

t = 23 ms

t = 25 ms

t = 27 ms

t = 31 ms

t = 35 ms

t = 40 ms

t = 46 ms

t = 53 ms

t = 64 ms

t = 68 ms

t = 79 ms

t = 89 ms

t = 98 ms

Figure 6.5b Photographs showing the flow of water on a steel plate,
which was initially heated up to 706 0C
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Vj =2.30 m/s, D = 10.67mm, Ts = 701 0C, Tw = 16 0C

t = 3 ms

t = 12 ms

t = 26 ms

t = 50 ms

t = 72 ms

t = 17 ms

t = 32 ms

t = 55 ms

t = 78 ms

t = 21 ms

t = 37 ms

t = 61 ms

t =91 ms

t = 44 ms

t = 66 ms

t = 100 ms

Figure 6.5c Photographs showing the flow of water on a steel plate,
which was initially heated up to 701 0C
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Figure 6.6 shows a close-up of one of the photographs (at t = 71 ms). In the radial flow
zone (r > 0.5D), the region between the stagnation zone and the ring of hydraulic jump
is a single-phase area. The bright red colour in single-phase area became grey slightly
sooner than that in hydraulic jump area since the steam vapour and boiling bubbles
separated the cooling water and hot surface. Steam vapour and boiling bubbles
generated as soon as the water jet impinged hot surface.

Steam vapour
and
water droplet

Laminar
water flow

Hydraulic
Jump (h)

Figure 6.6 Flow of water from a jet at 71 ms after impingement.
(The photograph shows the formation of hydraulic jump)

Outside the ring of hydraulic jump, there are still some splashed water drops. It is
obvious that there is no steam vapour generated in this area, and the colour in this area
was still red until the cooling water flowed over this area when the plate temperature
dropped further. With the cooling time continue the vapour and bubbles disappeared
gradually until the whole cooled area became darked in colour without boiling bubbles
and steam vapour.
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Three water jet impingement velocities were conducted to measure the thickness
(h*, mm) of the ring of hydraulic jump, 1.45 m/s, 1.79 m/s and 2.30 m/s. For the first
two jets impingement velocities of 1.45 m/s and 1.79 m/s, the correlative thickness were
measured to be 5.56 mm and 8.16 mm. For the last jet impingement velocity of 2.30 m/s,
the thickness was difficult to be measured due to the formation of turbulent flow on top
of the hot surface. However, this thickness of the ring of hydraulic jump was
approximately measured as 11.69 mm. Table 6.3 shows the thickness varying with the
water jet velocity.

Table 6.3
D(mm)

Q(L/min)

H(mm)

Vn(m/s)

Vj(m/s)

h*(mm)

10.67

4.3

75

0.8

1.45

5.56

10.67

7.1

75

1.32

1.79

8.16

10.67

10.5

75

1.96

2.3

11.69

It is also found that vortices are formed at the exit of water nozzle when the cooling
water issues out. It is due to the higher Reynolds number (Reynolds Numbers are 7373,
12376 and 16472, respectively) in this test. They are the typical turbulent Reynolds
numbers. This visualization is very similar as the results obtained by Ashforth-Frost and
Rüdel (2003). In addition, bubbles generate on the round zone of the hydraulic jump,
and there are no bubbles on the zone between the impinment point and hydraulic jump.
Webb (1995) showed another result that the thickness of the hydrodynamics and
thermal boundary layers in the stagnation zone may be of the order of tens of
micrometers. This may be due to the lower initial plate temperature than that in this
current study.
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6.4.3 Diameter of wetted area
Wetted area is defined as the area on the plate enclosed by the ring of hydraulic jump. In
this area, the rate of heat transfer appears a much higher value than that in the
surrounding area. At the moment of the water jet impinging the hot surface, the wetted
area started to be generated immediately and its diameter (the wetted area by the water
jet is approximately circular in shape) started to increase varying with the cooling time.
When the diameter reached the maximum value, the wetted area would remain the same
diameter till the cooling process ended. It was obtained that it took a very short time for
the wetted area to reach the maximum diameter.

In this study of wetted area, the water nozzle of 10.67 mm in diameter was used to
measure the correlative diameter of wetted area. The nozzle-to-surface space was 75
mm and the water flow rates were 4.3 L/min, 7.1 L/min and 10.5 L/min, respectively.
The corresponding jet impingement velocities were 1.45 m/s, 1.79 m/s and 2.30 m/s.
For the three jet impinging velocities, the time reaching the maximum diameter value of
wetted area are 84 ms ~ 91 ms, 74 ms ~ 79 ms and 17 ms ~ 21 ms, respectively.

The diameter of this wetted area mainly depends on the water flow rate, the water jet
diameter and the jet impingement velocity. With the increasing of the water jet
impingement velocity (for the corresponding nozzle diameter and nozzle-to-surface
space), the diameter of the wetted area increases.

The diameters of the wetted area in this study were measured from the digitized images
of the flow visualization. Figure 6.7 shows the variation of the diameters of the wetted
area with the cooling time.
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Diameter
area
D iaofw wetted
e tte d (m
m )(mm)

120
Vj = 1.45 m/s

Vj = 2.3 m/s
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0
0

0.02

0.04

0.06

0.08

Cooling
(second)
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Figure 6.7 The diameter of wetted area varies the cooling time
and jet impingement velocity
(D = 10.67mm, H = 75 m, Tw = 16 ºC, Ts =700 ºC)

6.4.4 Summary of observations
Above all, the flow visualization analysis is a very effective method to study the flow
and thermal characteristics of a cooling process by water jet impingement. On one hand,
by analysing the digitized images of heat transfer, the diameter of water jet and the
wetted area by jet impingement could be measured and calculated. It has been obtained
that the diameter of the water jet strongly depends on the velocity of water jet. As the
water jet velocity increases, the diameter of the water jet gets closer to the diameter of
the water nozzle. As expected, the wetted area on the hot surface will become larger
when the water jet velocity increases, and become smaller when the initial plate
temperature increases.
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6.4.4.1 Flow visualization
During the water jet issued from the water nozzle and impinged on the hot surface, a
potential core (see Figure 2.7) within the water jet, with a reduced diameter, could be
observed. It was due to the effect of gravitational acceleration. This phenomenon
occurred along the free surface of water jet in all these three tests in this flow
visualization study.

While the water jet impinged on the hot surface, there exits two situations concerning
the water flow distribution on the tested surface. In the case of lower impinging velocity
(Vj = 1.45 m/s, Re = 7.5 × 103), the water jet was observed to be laminar and stable. The
water jet impinged the surface and then flowed to the radial direction and into a wall jet.
A water hydraulic jump circle, which was a narrow ring with bubbles and steam vapour,
was formed on the edge of the wetted area. Its radial position is located at 43.42 mm
away from the stagnation point, and its width is 5.56 mm. Between the hydraulic jump
area and the stagnation zone, the flow appeared in a single phase in thin water film
covering over the plate.

For the situation of higher impinging velocity (Vj = 2.30 m/s, Re = 1.83 × 104), the
water jet was observed to be turbulent and unstable. After it impinged the surface, the
water was splashed out to the ambient and then flowed in the radial direction. In this
case, the single-phase area reduced, and the hydraulic jump expanded and got closer to
the stagnation zone. The ring of hydraulic jump was covered by much more bubbles and
steam vapour than that situation of lower impinging velocity. The position of hydraulic
jump is located at 46.71mm away from the stagnation point, and its width is 11.69 mm.
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Kamata (1999) made it very clear that the steam vapour behaviours varied greatly with
the heat flow rate. It is also obtained from the Figure 6.6a, b, and c that, in the case of a
lower heat flow rate, the temperature were low and the water jet flowed in a radial
direction on the heat transfer surface, forming a thin liquid film. In this case, the heat
transfer was by forced convection. With the increasing of the heat flow rate, the boiling
behaviours varied greatly.

Subsequently, beyond the hydraulic jump, only a number of water droplet found outside
the ring of hydraulic jump. These droplets were evapourated as they impinged on the
hot surface. The amount of the water droplets reached in this part strongly depends on
the impinging velocity of the water jet.

6.4.4.2 The effect of temperature
The initial temperature on the plate plays an interesting part in the flow visualization
analysis. In this study, the hot surface was suddenly exposed to a high temperature
gradient with the water jet impingement. This changing process, which was from a very
high

initial

temperature

(approximate

700

0

C)

to

a

lower

temperature

(approximate 280 0C), was completed in a very short time (normally 3 to 4 seconds).
This quick response of the temperature distribution on the hot surface could be clearly
observed from the curves of temperature distribution in Chapter 7.

From the digitized images, it could also be seen that the rapid colour change of the
tested surface (from bright red to dimmed grey) indicates the quick change of surface
temperature on the hot steel surface. It is absolutely clear from the observations that the
temperature distribution and correlative heat transfer rate strongly vary with the jet
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impinging velocity. And a higher heat flow rate would result in a quick temperature
changing.
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Chapter 7

Results and Discussions

7.1 Introduction
Cooling rate and heat flux are the two important factors to determine the rate of heat
transfer during a cooling on a hot steel plate by water jet impingement. They will be
considerred and discussed in this current study by calculating and analyzing the
experimental data.

Compared with the previous studies, this experimental study mainly focuses on the
transient cooling process. It means that the surface temperature will be varying with the
cooling time passing during the whole cooling process. Experimental results have
shown that the rate of transient heat transfer is strongly determined by the impinging
velocity of cooling water, initial plate temperature, and the layer of steam vapour and

Chapter Seven Results and Discussions

117

boiling bubbles on top of the surface. The factors that affect the rate of heat transfer also
include the unsteady nature of the boiling process due to the continuously changed
surface temperature, cooling time, water jet temperature, and surface conditions of the
test steel plates. The time variations of temperature on the plate were measured at
various key locations and these data enable the rate of heat transfer from the plate to be
calculated.

This current study mainly illustrates the relationship between the rate of heat transfer
and the primary parameters: jet impinging velocity and initial plate temperature as well
as cooling time. The empirical equation concerning to the rate of heat transfer has been
presented to summarize the behaviour of the jet cooling process. All the experimental
data refers Appendix A: Tabulations of experimental data.

7.2 Discussions
The relevant dimensionless numbers are:
• The dimensionless time, t*: t* = tg / V j

• The dimensionless radial distance, r*: r* = r/D
• The local Nusselt Number, Nu =

qD
k (Ts − Tw )

• The Reynolds Number, Re = VjD/ν

7.2.1 Temperature distribution

The temperature distribution describes the rate of heat transfer at the varied distance
from the stagnation point on a cooled plate surface. The thermocouple location could be
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expressed as TCn. “TC” refers to thermocouple and “n” refers to the radial distance
from the thermocouple embedded point to the stagnation point on the plate (unit: mm).

As soon as a water jet impinged the heated test plate surface, the surface temperature
dropped immediately down to a certain lower level with the cooling time continue.
When the water jet stopped impingig, the surface temperature still continued to drop off
during a very short period and then bounced up to a certain higher level. This may be
due to the reason of heat conduction from within the steel plate: Firstly, as the water jet
only impinges on the top surface of the steel plate, the temperature of the bottom part is
always higher than that of the top part. Secondly, thermocouples were installed 1 mm
under the top surface, thus the temperatures measured by thermocouples are the
temperatures of the top part. At the moment the water jet stops impinging on the surface,
the temperature of the whole plate will start to be even up because of the result of heat
conduction. The higher temperature of the bottom part, the heat stored in there will flow
to the top part of the plate so that the temperatures measured by thermocouples bounces
up to a higher level and then keep an unchanged level.

Figure 7.1 shows the temperature distributions on a cooled surface (from Test 132 and
Test 253). Each curve in Figure 7.1 stands for the temperature variation rate and trend at
each measured locations. In Test 132, the nozzle diameter is 10.67 mm; initial
temperature and cooling water temperature are 839 ºC and 16 ºC, respectively. For Test
253, the nozzle diameter is 4.36 mm; initial temperature and cooling water temperature
are 703 ºC and 15 ºC, respectively. These curves show the measured temperature
variation varying with the cooling time along with the cooled surface.
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In Figure 7.1a, the thermocouples were embedded at TC0 (stagnation point), TC15 (15
mm), TC20 (20 mm), TC30 (30 mm) and TC35 (35 mm), and 1 mm under the top
surface. It can be seen that the stagnation point TC0 shows a higher rate of temperature
drop than the other thermocouples that show the lower dropping rate from TC15 to
TC35 in order.
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Figure 7.1a Temperature distribution varying with cooling time and locations (From Test 132)
(Ts =839 ºC, Tw =16 ºC, Vj = 1.58 m/s, D=10.67 mm, H=75 mm)

Figure 7.1b shows the curves that were obtained at the measured locations of TC5
(5 mm), TC10 (10 mm), TC15 (15 mm), TC20 (20 mm), TC30 (30 mm), TC35 (35 mm)
and TC40 (40 mm). The similar result as the Figure 7.1a is obtained about the rate of
temperature drop on the stagnation point. However, the curves of TC15, TC20 and
TC30 have intersected each other within a certain period before the water jet stopped
impinging on the surface. This maybe due to the effects of the formation of steam
vapour layer on these three measured locations within this cooling period. The steam
vapour between the surface and the cooling water could reduce (or stop the heat transfer)
the heat transfer rate and make the temperatures on these locations even up. It is also
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interesting to be noted that, after this cooling period, the three curves reveals a desired
developing trend: TC 15 shows a higher rate of temperature drop, TC 30 shows a lower
one, and TC 20 stays at the middle. It illuminates that the formation of steam vapour
and boiling on the cooled surface could disturb the temperature distribution along the
whole surface.

Tem p ( C)

Temperature ( °C)

800
600
400
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---TC5 ---TC10 ---TC15 ---TC20
---TC30 ---TC35 ---TC40

0
0

25

50

75

100

Cooling time
Cooling
time(second)
(second)

Figure 7.1b Temperature distribution varying with cooling time and locations (From Test 253)
(Τs =703 ºC, Τw =15 ºC, Vj = 4.26 m/s, D=4.36 mm, Η=32 mm)

Figure 7.2 shows the temperature distribution with the cooling time from the stagnation
zone to the radial flow zone (H/D = 3.66). It indicates that the surface temperatures
decrease with the cooling time continue, and the speed of temperature dropping
decreases gradually from the stagnation point to the radial flow zone. It can be seen that,
at the location of r/D = 2.4, there is a change after t = 3 secondes in the rate of
temperature drop. This maybe due to a sharp rise in the turbulence level which
accompanies the transition from an accelerating stagnation region flow to a decelerating
wall jet.
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Figure 7.2 Space-time temperature distribution on a plate (From Test 244)
(Ts = 600 ºC, Tw = 21 ºC, Vj = 1.13 m/s, D = 10.67 mm, H = 39 mm)

7.2.2 Cooling rate (Vc, ºC/s)

Cooling rate is another key characteristic to describe the rate of heat transfer in a
cooling process, and determined by various factors. Cooling rate indicates the amount
of temperature dropping within one second. It also denotes the rate of the heat transfer
in a cooling process. Generally, the highest cooling rate always happens at the
stagnation zone, and appears a gradual reduction trend from the stagnation point to the
radial flow zone. It can be calculated by the following expression,

Vc = (T2 – T1)/ (t2 – t1)

(7.1)
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where Vc refers to the transient cooling rate at a certain instant (ºC/s); T2, T1 and t2, t1
refer the two adjacent data points of temperatures and relevant times at the same
measured location.

7.2.2.1 Cooling rate (Vc) varying with radial distance (r)
Cooling rate was compared between Test 259 and Test 238. Figure 7.3 and Figure 7.4
show the transient cooling rate and the average cooling rate against cooling time at the
various key locations.

It could be seen that the cooling rate along the surface during the whole cooling process
does not appear the same value. The largest transient cooling rate happens at TC5
(5 mm away from the stagnation point). For the transient cooling rate, the peak rate
is reached at a time about 1 to 3 seconds after the water jet starts impinging the surface.
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Figure 7.3 Cooling rate varying with cooling time (8 seconds) (From Test 259)
(D = 4.36 mm, Vj = 2.84 m/s, Ts = 701 ºC, Tw = 15 ºC, H = 32 mm)
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Figure 7.4 Cooling rate varying with cooling time (8 seconds) (From Test 238)
(D = 10.67 mm, Vj = 1.60 m/s, Ts = 602 ºC, Tw = 21 ºC, H = 39 mm)

The thermocouple of TC5 is the first to reach the highest cooling rate, and TC15 (15
mm away from the stagnation point) is the slowest one. It is also obtained that there
exist a difference of cooling rate before the peak cooling rate is reached, and this
difference gradually reduces after reaching the peak cooling rate and eventually the
three curves of cooling rate superposed. This may be due to that the steam vapour has
spread evenly on the plate surface after a shot time of turbulent flow.

To understand the cooling rate of a cooling process, several factors would be considered,
such as water jet diameter and impinging velocity, initial plate temperature and cooling
temperature, and the nozzle-to-surface space. As water impinging jet velocity is
determined by nozzle diameter, water flow rate and the nozzle-to-surface space. The
temperature of cooling water made no noticeable difference on the cooling results (the
temperature of cooling water in this study spanned from 11.5 ºC to 22 ºC), hence the
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discussion in this chapter is focused on the water jet velocity and initial plate
temperature.

7.2.2.2 Cooling rate (Vc) varying with nozzle diameter (D)
Different water jet velocities were tested to compare the effects of water jet velocity on
the cooling rate. The varied water impinging velocities were obtained by three nozzle
diameters of 4.36 mm, 10.67 mm and 14.1 mm, and six nozzle-to-surface spaces of
88 mm, 75 mm, 63 mm, 55 mm, 39 mm and 20 mm. The range of water jet
impingement velocities spanned from 0.83 m/s to 4.77 m/s. Figure 7.5 and Figure 7.6
show the effects of nozzle diameter and nozzle-to-surface space on the cooling rate at
the stagnation zone with the test condition of same flow rates and initial plate
temperatures.

Figure 7.5 shows the effects of varied nozzle diameters on the cooling rate at the
stagnation zone. The selected compared nozzles were with the diameters of 10.67 mm
and 14.1 mm. The initial plate temperature and flow rate were 701 ºC and 4.30 L/min,
608 ºC and 5.40 L/min, respectively. It is seen from the Figure 7.5 that the cooling rate
for the nozzle of D = 10.67 mm shows the higher value than that of the nozzle of
D = 14.1 mm. After the water jet impinged on the surface, the cooling rate of the two
nozzles reached the highest within 1 second, and then decreased graduately and went to
be similar after the cooling time of t = 4 second. This result can be explained that, in the
condition of a fixed flow rate and initial plate temperature, the water jet impingement
velocity determines the cooling rate. As the jet impingement velocity increases, the
cooling rate increases. In this comparation, the impingement velocities of the nozzles of
D = 14.1 mm and D = 10.67 mm are respectively 0.84 m/s and 1.19 m/s for Figure 7.5a;
0.94 m/s and 1.33 m/s for Figure 7.5b.
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Figure 7.5a Cooling rate comparison varying with nozzle diameters (From Test 225, 256, 299)
(Q = 4.30 L/min, Ts = 701 ºC)
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Figure 7.5b Cooling rate comparison varying with nozzle diameters (From Test 281 and 279)
(Q = 5.40L/min

Ts = 608 ºC)

In Figure 7.5a, for the nozzle of 14.1 mm in diameter, the peak cooling rate (Vc, max) is
99.2 ºC/s and the lowest coolingrate (Vc, min) is 21.8 ºC/s, the difference between the
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peak and lowest cooling rate (Vc, dif) is 77.4 ºC/s. For the nozzle of 10.67 mm in
diameter, the peak and the lowest cooling rate were only 123.22 ºC/s and 20.4 ºC/s, and
its difference is 102.82 ºC/s. Figure 7.5b also shows a similar result (for D=14.1mm: Vc,
max = 75.8 ºC/s, Vc, min = 20.6 ºC/s, Vc, dif = 55.2 ºC/s; for D=10.67 mm: Vc, max =
121.6 ºC/s, Vc, min = 11.6 ºC/s, Vc, dif = 110 ºC/s ).

7.2.2.3 Cooling rate (Vc) varying with nozzle-to-surface space (H)
The effect of nozzle-to-surface space on the cooling rate at the stagnation zone is shown
in the Figure 7.6a and b. The compared nozzle-to-surface spaces were 20 mm, 39 mm
and 55mm, respectively. The nozzle diameter was D = 10.67 mm and the initial
temperatures were Ts = 601 ºC and Ts = 603 ºC. The tested flow rate were Q =
8.39 L/min and Q = 5.88 L/min.
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Figure 7.6a Cooling rate comparison varying with nozzle-to-surface spaces (From Test 234, 235, 236)
Τs = 601 ºC, Τw = 21 ºC, D = 10.67 mm, Q= 8.39 L/min

Chapter Seven Results and Discussions

127

50
H=55mm

H=39mm

H=20mm

Vcvc
(°C/s)
(C/s)

40
30
20
10
0
0

2

4
cooling time (s)

6

8

Cooling time (second)
Figure 7.6b Cooling rate comparison varying with nozzle-to-surface spaces (From Test 240, 242, 241)
(Ts = 603 ºC, Tw = 21 ºC, D = 10.67 mm Q = 5.88 L/min)

It is seen that it is not significant of the difference between the cooling rates for the
three nozzle-to-surface spaces although there are still some difference between them.
During the non-significant difference, the nozzle-to-surface space of H = 55 mm shows
a higher cooling rate, and the nozzle-to-surface space of H = 20 mm shows a lower
cooling rate. For a result, it can be said that the nozzle-to-surface space does not
strongly affect the cooling rate during a cooling process.

7.2.2.4 Cooling rate (Vc) varying with jet velocity (Vj)
The water jet impinging velocity is a compositive parameter to be determined by water
flow rate, nozzle diameter and nozzle-to-surface space in this study. Based on the tested
nozzle diameters and nozzle-to-surface spaces, the obtained jet impinging velocities in
this study ranged from 0.83 m/s to 4.77 m/s.
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Figure 7.7a Cooling rate comparison varying with water Impinging velocities (From Test 265, 269, 257)
(Ts = 603 ºC, Tw = 15 ºC, D = 4.36 mm)
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Figure 7.7b Cooling rate comparison varying with water Impinging velocities (From Test 225, 222, 220)
(Ts = 687 ºC, Tw = 20 ºC, D = 10.67 mm)
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Figure 7.7 shows the effects of water jet impinging velocities on the cooling rate. Three
groups of test were compared in this section with respective initial plate temperature of
603 ºC, 687 ºC and 793 ºC. The jet velocities are shown in the figures. From the three
figures, the result can be obtained that the cooling rate at the stagnation zone is highly
dependent on the water jet impinging velocity. The cooling rate increases as the jet
impinging velocity increases.

This result has also been presented by [Liu et al, 2001] that the faster the water jet
impinging velocity, the stronger the cooling intensity. They explained that as the
increasing of jet impinging velocity could result a faster moving rewetting front
(expansion of the impingement zone). This can be seen by the slope of the cooling
curves as it changes with the cooling time. This finding supports that of Ishigai et al.
(1978).

7.2.2.5 Cooling rate (Vc) varying with initial temperature (Ts)
A few previous researches have studied the effects of the initial plate temperature on the
rate of heat transfer by water jet impingement. Choko, K. (1999) investigated that as the
surface temperature increases, the liquid film region reduces. The nucleate boiling
region expands and covers the whole of the heat transfer surface, accompanied by a
strong sound boiling.

In the current study, to simulate the actual industrial steel cooling conditions, a
temperature range of 528 ºC to 894 ºC were figured for the experiments. As the
temperatures of cooling water were only ranged from 11.5 ºC to 21 ºC, compared with
the high tested temperatures in all experiments, they can be ignored. Thus, only the
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Figure 7.8a Cooling rate comparison varying with initial plate temperature (From Test 294, 295, 296)
(Vj = 0.94 m/s, Tw = 11.5 ºC, D = 14.1 mm)
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Figure 7.8b Cooling rate comparison varying with initial plate temperature (From Test 269, 270, 268)
(Vj = 3.47 m/s, Tw = 15 ºC, D = 4.36 mm)
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Figure 7.8c Cooling rate comparison varying with initial plate temperature (from Test 245, 276, 232)
(Vj = 1.02 m/s, Tw = 11.5 ºC, D = 10.67 mm)

effect of initial plate temperature on the cooling rate will be discussed in this session.
Also three groups of tests were compared to the cooling rate. The jet impinging velocity
and nozzle diameters used in these three comparisons are 0.94 m/s and 14.1mm, 3.47
m/s and 4.36 mm, 1.02 m/s and 10.67 mm, respectively. Figure 7.8a, b and c show the
effect of initial plate temperature on the cooling rate.

The results from Figure 7.8 clearly show that the cooling rate strongly depends on the
variation of initial plate temperature. The cooling rate increases as the initial plate
temperature increases.

7.2.2.6 The peak cooling rate
For the transient heat transfer, the cooling rate during a whole cooling process changes
with the cooling time passing. From Figure 7.3 to Figure 7.8, the cooling rate reaches
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the peak value in less than t = 2 secs after the water jet impinges the target surface, and
then approximately reduces back to the starting value in t = 8 secs. Although the peak
cooling rate increases with the increase of water jet impinging velocities, it seems that
the peak cooling rate was achieved at a time (approximate 1 second after jet
impingement) independent of the initial plate temperatures.

7.2.3 Heat flux ( q '' , W/m2)

Many former studies have been done to deal with the rate of heat transfer in a cooling
process by water jet impingement. The objective of heat transfer analysis in this section
is to make clear the local heat transfer characteristics in both stagnation zone and radial
flow zone.

7.2.3.1 Stagnation zone
Experimental works in this study have revealed that the rate of heat transfer in the
stagnation zone is a strong function of cooling time (t, second), water jet impinging
velocity (Vj, m/s) and initial plate temperature (Ts, ºC).

7.2.3.1.1 Water jet impinging velocity (Vj)
Nusselt Number is a dimensionless parameter that is equal to the dimensionless
temperature gradient at the surface. It measures the convection heat transfer occurring at
the surface. For the heat transfer analysis of water jet impingement cooling process, The
Nusselt number, Nu, is expressed as

Nu =

qD
k (Ts − Tw )

(7.3a)
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q = ∫ ∫ q' ' dAs

(7.3b)

 ∂T 
q' ' = −k 

 ∂z  z =0

(7.3c)

where Nu is a dimensionless parameter; q is the heat transfer rate over the control area
(As) (W); q '' is the heat flux (W/m2); k is the thermal conductivity (W/m.K); Ts is the
initial plate temperature (ºC) and Tw is the temperature of cooling water (ºC).

Setting up a dimensionless number t* , t* = tg/Vj, that is a compositive time parameter.
Figure 7.9 shows the Nusselt number varying with t*.
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Figure 7.9a Heat transfer for various jet velocities (From Test 254, 257, 260, 262, 265, 269)
(Ts = 605 ºC, Tw = 15 ºC, D = 4.36 mm) (stagnation zone)
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Figure 7.9b Heat transfer for various jet velocities (From Test 280, 281, 282, 283, 284)
(Ts = 606 ºC, Tw = 12.5 ºC, D = 10.67 mm) (stagnation zone)
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Figure 7.9c Heat transfer for various jet velocities (From Test 285, 292, 293, 300, 304)
(Ts = 604 ºC, Tw = 11.5 ºC, D = 14.1 mm) (stagnation zone)
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The effects of varied jet impinging velocities on the Nusselt number are shown in
Figure 7.9 under three different nozzle diameters of 4.36 mm, 10.67 mm, and 14.1 mm.
The corresponding initial plate temperatures are selected to be 604 ºC, 605 ºC and
606 ºC. It shows that the Nusselt number increases as the jet impinging velocity
increases. This result happens in all three nozzle diameters. It demonstrates once again
that the jet impinging velocity definitely affect the rate of heat transfer.

7.2.3.1.2 Nusselt number with initial plate temperature (Ts)
The effects of initial plate temperature on the rate of heat transfer are shown in
Figure 7.10. The compared nozzle diameter and jet impinging velocity in this Figure are
2.84 m/s and 4.36 mm, and 1.17 m/s and 14.1 mm, respectively. Figure 7.10a shows the
result that the Nusselt number increases from the final value of 12.7 to 27.6 as the initial
plate temperature decreases from 879 ºC to 607 ºC. For the curve of Ts = 879 ºC, the
Nusselt number suddenly drops off after t* = 37.3, this may be due to the uneven
turbulent movement of steam vapour and boiling bubbles on the plate surface.
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Figure 7.10a Heat transfer for various initial temperatures (From Test 258, 259, 260)
(Vj = 2.84 m/s, Tw = 15.0 ºC, D = 4.36 mm) (stagnation zone)
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Figure 7.10b shows a similar result as Figure 7.10a. It also reveals a suddenly dropping
off at t* = 126.11. This may be due to the same reason as the curve of Ts = 879 ºC in
Figure 7.10a. It can be obtained that initial plate temperature affects the Nusselt number.
The increasing of initial plate temperature will causes a reduction of Nusselt number.
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Figure7.10b Heat transfer for various initial temperatures (From Test 285, 286, 287, 288)
(Vj = 1.17 m/s, Tw = 11.5 ºC, D = 14.1 mm) (stagnation zone)

7.2.3.1.3 Heat transfer equation regression in stagnation zone
Former studies have obtained various empirical and experimental heat transfer
equations about water jet cooling process. The majority of them were concerned the
relation between Nusselt number and Reynolds number and Prandtl number.

Nu = f (Re, Pr)

(7.4)
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where, Re is Reynolds number and Pr is Prandtl number.

For previous related studies, the cooled target temperature was always kept constant
during the whole cooling process; therefore, it is not a transient cooling process. But for
a transient cooling process, the temperature on the cooled surface is no longer a constant;
it will be changing with the cooling time continue.

Liu et al, (1991), for the laminar jets theoretical considerations, verified a relation
between Nusselt number and Reynolds number and Prantl number under the
intermediate Reynolds numbers (Pr > 3),

Nu =0.797Re1/2Pr1/3

(7.5)

This relationship is in close agreement with the analytical result of [Liu et al, (1993)]
for the stagnation zone in the limit as WeD → ∞. WeD is the Webber number.

Based on the transient heat transfer in this study, the Prandtl number of water is
virtually a constant of 0.75, hence it is assumed that the heat transfer is only a function
of Reynolds number (Re) cooling time (t*). According to the hypothesis, the function
can be expressed as below,

Nu = f (Re, t*)

(7.6a)

Re = Vj D/ν

(7.6b)
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Where, Nu is Nusselt number, Re is Reynolds number, t is the cooling time, and Ts is
the plate surface temperature, Vj is the velocity of water jet impingement, D is the
diameter of water nozzle, ν is the kinematic viscosity.

The mathematic regression method is used to obtain the empirical heat transfer equation.
Expression 7.7 can reformed to the following form,

Nu = α Re n (t*) k

(7.7)

where, α, n and k are constant coefficients.

Base on the experimental and computed data, the relation between Nusselt number and
Reynolds number and cooling time in the stagnation zone is regressed as below,

Nu = 0.4625 Re 0.7664 t *0.59

(7.8)

where, Re is the Reynolds number of water jet issued from the water nozzle, t is the
cooling time.

Figure 7.11 shows the regression error.

7.2.3.2 Radial flow zone
As the formation of steam vapour layer and boiling bubbles in the radial flow zone, it is
very hard to obtain an invariable conclusion that describes the real heat transfer
situation in this area. However, Mitsutake, Y. and Monde, M., (2001) found that the
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peak heat flux is initially attained at r = 0 and it moves outward decreasing in its value
with time. The maximum heat flux at a certain position seems to occur after passing of
the nucleate region.

Figure 7.11 The regression error

When the water jet is in laminar stats, the local heat transfer can be accurately evaluated
in certain radial region. Under a laminar water jet, Zhao et al. (1989) studied a empirical
heat transfer equation in the region of r/D <1:

 0.7212ε −0.4 Re1D/ 2 Pr 0.4 


Nu D = 0.7212ε −0.4 Re1D/ 2 Pr 0.37 
 0.8597ε −1 / 3 Re1 / 2 Pr 1 / 3 
D



r/D<1

0.7 < Pr < 3
3 < Pr < 10
Pr > 10

(7.9)
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r

ε=

2∫ q0 (r ' )r ' D' r '
0

q0 (r )r 2

Another study by [Liu, et al. (1991)] and [Liu, et al. (1993)] obtained an empirical heat
transfer equation in the region of r/D < 0.787.

0.715 Re −0.4 Pr 0.4 
Nu D = 
1/ 2
1/ 3 
0.797 Re Pr 

0.15 ≤ Pr ≤ 3
Pr > 3

(7.10)

r / D < 0.787

These two expressions have been validated by comparison with experimental data for
liquid jets impinging against isoflux walls.

Normally, a laminar boundary will begin at the stagnation point and then proceed
outward into the radial flow zone and then transforms to the turbulence at some location
in the situation of higher temperature cooling. It is very important to know the location
of transition to turbulence since a higher heat transfer coefficient happens here. [Azuma
and Hoshino, (1984)] investigated that, for Re > 47,000, the critical radial location
corresponding to the onset of turbulence, rc, was expressed as below,

rc / D = 380 Re −D0.315

(7.11)

One another study by [Azuma, et al, (1993)] obtained a similar expression (equation
7.12) about the location of rc. The Reynolds number is as low as 13, 000. The difference
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between equation 7.11 and 7.12 is less than 15%. This may be due to the different
experimental conditions.

rc / D = 1200 Re −D0.422

(7.12)

The heat transfer in the radial flow zone is still affected by the water jet impinging
velocity and initial plate temperature. Generally speaking, the wetted area will be
reduced with the increasing of initial plate temperature and enlarged with the increasing
of jet impinging velocity. As the appearance of turbulence and the formation of steam
vapour and boiling bubbles on the radial flow zone, the heat transfer in this area will be
disordered at some locations. Figure 7.12 shows the heat transfer variation in the radial

80

20

35

100

15

30

flow zone.

25

t*

60

0

0

5

20
15

1

10

5

20

45
40

10

55

40

2

r*

3

4

Figure 7.12 Nusselt number distribution against t* and r* (From Test 134)

For this test, the nozzle diameter and the nozzle-to-surface space are 10.67 mm and 75
mm, respectively. The initial plate temperature and cooling water temperature are
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842 ºC and 16 ºC. The water jet impinging velocity is 1.42 m/s. H/D = 7.04. It is shown
that, at a given time, t*, the Nusselt number decreses with distance away from the
stagnation point and reaches a minimum value at r* ≈ 2.8. It is interesting note that the
Nusselt number distribution is characterized by a second maximum at t ≈ 4.8 second,
whose appearance is attributed to a sharp rise in the turbulence level which accompanies
the transition from an accelerating stagnation region flow to a decelerating wall jet.

−

7.2.3.3 Average heat flux ( q '' , W/m2)
The parameter of average heat transfer is used to analyse the average rate of heat
transfer on the whole area of a cooled plate. Average heat flux can be expressed as
following,

−

q '' =

q
As

(7.13)

−

here, q '' is the average heat flux, q is the overall heat loss, As is the control area.

7.2.3.3.1 Water jet impinging velocity
Figure 7.13a and b show the comparison of average heat flux on the plate of initial
temperatures of 600 0C and 794 0C with various jet impinging velocities. The nozzle
diameters, D, are 4.36 mm and 10.67 mm, water temperatures are at 15 0C and 13 0C,
respectively. The heat flux is averaged over a circular area (control area) on top of the
plate. It is evident to be known that the heat flux increases as the jet velocity increases
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Figure 7.13a Heat flux for various jet velocities (From Test 265, 263, 257)
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Figure 7.13b Heat flux for various jet velocities (From Test 276, 274, 273)
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from 1.66 m/s to 4.77 m/s in Figure 13a and 1.00 m/s to 1.87 m/s in Figure 14b.
However, in Figure 13b, the curves of 1.34 m/s intersects that of 1.87 m/s
approximately at t = 2.2 seconds after the start of jet impingement. This may be due to
the formation of a turbulent flow at this location.

7.2.3.3.2 Heat flow with the initial plate temperature
The effect of initial plate temperature on the average heat transfer is shown in Figure
7.14a and b. It is noted that higher heat flux was consistently maintained throughout the
8 seconds recording time for lower plate temperature (Ts = 600 0C and Ts = 602 0C) and
the heat flux decreases as the plate temperature increases. A possible explanation is that
higher `plate temperature will generated a thicker steam vapour layer that sandwiched
between the plate and the water above; and the thickness of the steam vapour layer is
inversely proportional to the rate of heat transfer.
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Figure 7.14a Heat flux for various initial plate temperatures (From Test 268, 269, 270)
(Tw = 20 ºC, D = 4.36 mm, Vj = 3.47 m/s)
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Chapter 8

Conclusions and Recommendations

8.1 Introduction
An experimental study has been conducted on the cooling of a high temperature steel
plate by water jet impingement. It is a steel quenching research as it studied a transient
cooling process.

To process this transient cooling process, three dimensions (D = 4.36 mm, 10.67 mm
and 14.1 mm) of water nozzles were used with various water flow rates. A wide range
of initial plate temperatures (from 528 ºC to 894 ºC) was made with varied cooling
water temperatures (from 11.5 ºC to 22 ºC). As the limitation of experimental conditions,
the range of cooling water temperature is not wide enough. Compared with the high
initial temperature in this study, the effects of the cooling water temperature on the heat

Chapter Eight Conclusions and Recommendations

147

transfer rate is not obvious. To obtain a wider range of water jet impingement velocity,
the nozzle-to-surface space was also spaned a large range of 20 mm ~ 88 mm.

In this current study, it was focused that the rate of heat transfer at stagnation zone and
the heat flux along the whole test plate. As the highest jet impinging velocity (4.77 m/s)
and the highest initial plate temperature (up to 894 ºC) were engaged, it yielded
extremely high cooling rate (above 193.8 ºC/s) and heat flux (up to 49.8 MW/m2).

In addition, a photographed study to the flow visualization was also conducted to help
analysing the transient cooling process by water jet impingement. Three sequences of
digitized images were selected to be observed in this study (the details of captured
digitized images can be reviewed in Chapter 6: Flow Visualization and Appendix B).

The installation of thermocouples on the test plate is also a key factor to determine the
precise of measurement of temperature distribution at the locations where were 1 mm
under the cooled surface. The measured temperature data was used to calculate the
temperature distribution, the rate of heat transfer and the heat flux of the test steel plate.
Test results have testified that the installation method of thermocouples in this study
was successful.

8.2 Conclusions
Summarizing this current study, the conclusions are presented as following:
1.

It has been seen from the captured digitized images of flow visualization that
the wetted area of water jet impinging on the cooled surface could be
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approximately considered as a circular zone. The diameter of this wetted area
increased with the increase of jet impingement velocity.

2.

The maximum wetted area was reached within 1 second after water jet
impinging on the cooled surface. The diameter of this area was averagely 9.6
times the diameter of water nozzle. A ring of hydraulic jump yielded at the
furthest edge of the wetted area with a steam vapour layer and boiling bubbles.
This hydraulic jump might cause an uneven temperature distribution on the test
plate.

3.

The water jet started to be in turbulent phase when the jet velocity at the nozzle
exit reached a critical value. This turbulent water jet would cause an unstable
distribution of cooling water on the cooled surface so that an uneven
temperature distribution would be obtained as well.

4.

Two varied heat transfer zones could be seen on the cooled surface: stagnation
zone (laminar flow zone) and radial flow zone (including single phase zone and
hydraulic jump zone). There existed a turbulent transition between single phase
zone and hydraulic jump zone.

5.

Cooling rate at the stagnation zone was depended strongly on the water jet
impinging velocity. As the jet impingement velocity increased, the cooling rate
increased.
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The cooling rate at the stagnation zone was obviously higher than that at the
radial zone. For some situations, the cooling rate in the area close to the
stagnation point was lower than that at the area far from the stagnation point,
this may be due to the uneven and unstable distribution of cooling water on the
cooled surface (the formation of steam vapour and boiling bubbles).

7.

For the varied nozzle diameter and jet impingement velocity, the maximum
cooling rates are different. As the results of this study, the maximum cooling
rate under the nozzle of D = 14.1 mm is approximately 3 times than that under
the nozzle of D = 4.36 mm. However, the nozzle-to-surface variation did not
reveal an obvious effect on the maximum cooling rate. That is, the maximum
cooling rate basically did not depend on the nozzle-to-surface space.

8.

The maximum cooling rate was quickly reached at a certain time (normally
within 1 ~ 2 seconds) after the water jet impinging the cooled surface. This time
would move up as the jet impinging velocity increased and postponed as the
initial plate temperature decreased.

9.

Water jet impingement cooling could obtain a higher heat transfer rate on a
cooled surface. In this study, the highest cooling rate reached to193.8 ºC/s at the
stagnation point under an initial plate temperature of 700 ºC and an impinging
velocity of 2.30m/s. That is, the happening of highest cooling rate may not be
with a highest jet impingement velocity or a highest initial plate temperature.
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10. The heat flux range was delivered from 0.13 ~ 49.8 MW/m2 in this study. It
increased with the increasing of jet impinging velocity and decreased with the
increase of initial plate temperature. In this study, the range of water jet issuing
velocity and water jet impinging velocity were from 0.37 m/s to 4.70 m/s and
0.83m/s to 4.77 m/s, respectively; the initial plate temperatures spanned from
528 to 894 ºC, and 11.5 to 22 ºC for cooling water temperature.

11. Empirical equation of heat transfer coefficient was regressed as a function of
Reynolds Number (Re = VjD/ν) and dimensionless cooling time (t* = tg/Vj). It
indicates that the heat transfer coefficient increases with the increase of jet
impinging velocity and the dimensionless cooling time.

8.3 Recommendations
Throughout this experimental study of heat transfer, there still several issues about
cooling by water jet impingement need to be processed in the future,
1.

A more wide range of water jet impinging velocities and cooling water
temperatures will be tested.

2.

To simulate the industrial quenching situation, the cooling by jet impingement
on a moving steel plate will be tested.

3.

A further work concerning to the water jet arrays need to be processed. The
distribution of row and column of water jet arrays is a very important factor to
affect the rate of heat transfer.
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There is difficulty in controlling the initial plate temperature since there is heat
loss during transporting the plate from the furnace to the test bed. A design to
heat the plate at the test bed may overcome this problem.

5.

Direct measurement or visualization of the steam layer (that lies between the
plate and the water above) is a difficult task and required further investigation.
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APPENDIX A
TABULATIONS OF EXPERIMENTAL DATA

Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

108

10.67

88

3.24

558

15.0

0.60

1.45 5.6E+3 13.5E+3 7points

109

10.67

88

4.20

555

15.0

0.78

1.53 7.3E+3 14.3E+3 7points

110

10.67

88

5.32

551

15.0

0.99

1.65 9.3E+3 15.4E+3 7points

111

10.67

88

6.40

551

15.0

1.19

1.77 11.2E+3 16.6E+3 7points

112

10.67

88

7.35

556

15.0

1.37

1.90 12.8E+3 17.7E+3 7points

113

10.67

88

3.74

548

15.0

0.70

1.49 6.5E+3 13.9E+3 7points

114

10.67

88

6.00

528

15.0

1.12

1.72 10.5E+3 16.1E+3 7points

115

10.67

88

8.30

545

15.0

1.55

2.03 14.5E+3 19.0E+3 7points

116

10.67

88

9.90

549

15.0

1.85

2.26 17.3E+3 21.2E+3 7points

117

10.67

88

11.01

558

15.0

2.05

2.44 19.2E+3 22.8E+3 7points

118

10.67

88

3.24

554

15.0

0.60

1.45 5.6E+3 13.5E+3 7points

119

10.67

88

4.20

555

15.0

0.78

1.53 7.3E+3 14.3E+3 7points
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

121

10.67

75

6.22

570

15.5

1.16

1.68 10.8E+3 15.7E+3 7points

122

10.67

75

7.20

570

15.5

1.34

1.81 12.5E+3 16.9E+3 7points

123

10.67

75

8.86

570

15.5

1.65

2.05 15.4E+3 19.2E+3 7points

124

10.67

75

9.98

570

15.5

1.86

2.22 17.4E+3 20.8E+3 7points

126

10.67

75

4.10

570

16.0

0.76

1.43 7.1E+3 13.4E+3 7points

127

10.67

75

6.22

570

16.0

1.16

1.68 10.8E+3 15.7E+3 7points

128

10.67

75

7.20

570

16.0

1.34

1.81 12.5E+3 16.9E+3 7points

129

10.67

75

8.86

570

16.0

1.65

2.05 15.4E+3 19.2E+3 7points

130

10.67

75

9.98

568

16.0

1.86

2.22 17.4E+3 20.8E+3 7points

131

10.67

75

10.40

834

16.0

1.94

2.29 18.1E+3 21.4E+3 7points

132

10.67

75

8.50

839

16.0

1.58

2.00 14.8E+3 18.7E+3 7points

133

10.67

75

6.40

832

16.0

1.19

1.70 11.2E+3 15.9E+3 7points

134

10.67

75

4.00

842

16.0

0.75

1.42 7.0E+3 13.3E+3 7points

135

10.67

75

2.62

839

16.0

0.49

1.31 4.6E+3 12.2E+3 7points

136

10.67

75

4.30

699

16.0

0.80

1.45 7.5E+3 13.6E+3 7points

137

10.67

75

7.10

706

16.0

1.32

1.79 12.4E+3 16.8E+3 7points

138

10.67

75

10.5

701

16.0

1.96

2.30 24.1E+3 26.6E+3 7points

201

10.67

63

3.14

602

21.0

0.59

1.26 5.5E+3 11.7E+3 7points

202

10.67

63

4.38

599

21.0

0.82

1.38 7.6E+3 12.9E+3 7points
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

205

10.67

63

7.14

600

21.0

1.33

1.73 12.4E+3 16.2E+3 7points

206

10.67

63

8.00

601

21.0

1.49

1.86 13.9E+3 17.4E+3 7points

207

10.67

63

8.65

604

21.0

1.61

1.96 15.1E+3 18.3E+3 7points

208

10.67

63

9.41

600

21.0

1.75

2.08 16.4E+3 19.4E+3 7points

209

10.67

63

9.97

605

21.0

1.86

2.17 17.4E+3 20.2E+3 7points

210

10.67

63

4.96

629

21.0

0.92

1.45 8.6E+3 13.5E+3

211

10.67

63

4.96

641

21.0

0.92

1.45 8.6E+3 13.5E+3 no wall

212

10.67

29

4.96

643

21.0

0.92

1.19 8.6E+3 11.2E+3

213

10.67

29

4.96

642

21.0

0.92

1.19 8.6E+3 11.2E+3 no wall

214

10.67

39

3.32

615

22.0

0.62

1.07 5.8E+3 10.0E+3 7points

215

10.67

39

10.50

628

22.0

1.96

2.14 18.3E+3 20.0E+3 7points

216

10.67

39

8.19

624

22.0

1.53

1.76 14.3E+3 16.5E+3 7points

217

10.67

39

9.20

627

22.0

1.72

1.93 16.0E+3 18.0E+3 7points

218

10.67

39

6.48

618

22.0

1.21

1.49 11.3E+3 13.9E+3 7points

219

10.67

39

4.43

622

22.0

0.83

1.20 7.7E+3 11.2E+3 7points

220

10.67

39

9.73

677

20.0

1.81

2.01 17.0E+3 18.8E+3 8points

221

10.67

39

8.54

678

20.0

1.59

1.82 14.9E+3 17.0E+3 8points

222

10.67

39

7.68

680

20.0

1.43

1.68 13.4E+3 15.7E+3 8points

223

10.67

39

6.49

671

20.0

1.21

1.49 11.3E+3 14.0E+3 8points

wall

wall
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

226

10.67

39

3.32

677

20.0

0.62

1.07 5.8E+3 10.0E+3 8points

227

10.67

39

8.54

860

21.0

1.59

1.82 14.9E+3 17.0E+3 8points

228

10.67

39

7.30

853

21.0

1.36

1.62 12.7E+3 15.1E+3 8points

229

10.67

39

6.12

876

21.0

1.14

1.44 10.7E+3 13.4E+3 8points

230

10.67

39

5.35

857

21.0

1.00

1.33 9.3E+3 12.4E+3 8points

231

10.67

39

3.70

871

21.0

0.69

1.11 6.4E+3 10.4E+3 8points

232

10.67

39

2.86

861

21.0

0.53

1.02 5.0E+3

233

10.67

39

8.32

861

21.0

1.55

1.78 14.5E+3 16.6E+3 8points

234

10.67

20

8.39

597

21.0

1.56

1.68 14.6E+3 15.8E+3 8points

235

10.67

39

8.39

602

21.0

1.56

1.79 14.6E+3 16.8E+3 8points

236

10.67

55

8.39

601

21.0

1.56

1.88 14.6E+3 17.6E+3 8points

237

10.67

55

7.17

603

21.0

1.34

1.69 12.5E+3 15.8E+3 8points

238

10.67

39

7.17

602

21.0

1.34

1.60 12.5E+3 14.9E+3 8points

239

10.67

20

7.17

599

21.0

1.34

1.48 12.5E+3 13.8E+3 8points

240

10.67

20

5.88

599

21.0

1.10

1.26 10.2E+3 11.8E+3 8points

241

10.67

39

5.88

604

21.0

1.10

1.40 10.2E+3 13.1E+3 8points

242

10.67

55

5.88

602

21.0

1.10

1.51 10.2E+3 14.1E+3 8points

243

10.67

55

3.81

602

21.0

0.71

1.26 6.6E+3 11.8E+3 8points

244

10.67

39

3.81

602

21.0

0.71

1.13 6.6E+3 10.5E+3 8points

9.6E+3 8points
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

253

4.36

32

3.75

703

15.0

4.19

4.26 16.0E+3 16.3E+3 8points

254

4.36

32

3.75

605

15.0

4.19

4.26 16.0E+3 16.3E+3 8points

255

4.36

32

4.21

872

15.0

4.70

4.77 18.0E+3 18.2E+3 8points

256

4.36

32

4.21

701

15.0

4.70

4.77 18.0E+3 18.2E+3 8points

257

4.36

32

4.21

605

15.0

4.70

4.77 18.0E+3 18.2E+3 8points

258

4.36

32

2.44

879

15.0

2.72

2.84 10.4E+3 10.8E+3 8points

259

4.36

32

2.44

701

15.0

2.72

2.84 10.4E+3 10.8E+3 8points

260

4.36

32

2.44

607

15.0

2.72

2.84 10.4E+3 10.8E+3 8points

261

4.36

32

2.00

874

15.0

2.23

2.37 8.5E+3

9.1E+3 8points

262

4.36

32

2.00

701

15.0

2.23

2.37 8.5E+3

9.1E+3 8points

263

4.36

32

2.00

601

15.0

2.23

2.37 8.5E+3

9.1E+3 8points

264

4.36

32

1.31

877

15.0

1.46

1.66 5.6E+3

6.4E+3 8points

265

4.36

32

1.31

601

15.0

1.46

1.66 5.6E+3

6.4E+3 8points

266

4.36

32

1.31

701

15.0

1.46

1.66 5.6E+3

6.4E+3 8points

268

4.36

32

3.03

878

15.0

3.38

3.47 12.9E+3 13.3E+3 8points

269

4.36

32

3.03

600

15.0

3.38

3.47 12.9E+3 13.3E+3 8points

270

4.36

32

3.03

697

15.0

3.38

3.47 12.9E+3 13.3E+3 8points

271

10.67

39

7.00

790

13.0

1.30

1.57 12.2E+3 14.7E+3 8points

273

10.67

39

8.88

794

13.0

1.66

1.87 15.5E+3 17.5E+3 8points
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

276

10.67

39

2.61

793

13.0

0.49

1.00 4.5E+3

277

10.67

39

10.05

795

13.0

1.87

2.07 17.5E+3 19.3E+3 8points

279

10.67

39

8.00

607

12.5

1.49

1.73 13.9E+3 16.2E+3 8points

280

10.67

39

6.50

606

12.5

1.21

1.49 11.3E+3 14.0E+3 8points

281

10.67

39

5.40

606

12.5

1.01

1.33 9.4E+3 12.5E+3 8points

282

10.67

39

4.47

605

12.5

0.83

1.21 7.8E+3 11.3E+3 8points

283

10.67

39

3.25

606

12.5

0.61

1.06 5.7E+3

284

10.67

39

9.00

607

12.5

1.68

1.89 15.7E+3 17.7E+3 8points

285

14.10

28

8.49

604

11.5

0.91

1.17 11.2E+3 14.5E+3 8points

286

14.10

28

8.49

698

11.5

0.91

1.17 11.2E+3 14.5E+3 8points

287

14.10

28

8.49

798

11.5

0.91

1.17 11.2E+3 14.5E+3 8points

288

14.10

28

8.49

891

11.5

0.91

1.17 11.2E+3 14.5E+3 8points

289

14.10

28

7.35

892

11.5

0.78

1.08 9.7E+3 13.3E+3 8points

290

14.10

28

7.35

798

11.5

0.78

1.08 9.7E+3 13.3E+3 8points

291

14.10

28

7.35

709

11.5

0.78

1.08 9.7E+3 13.3E+3 8points

292

14.10

28

7.35

608

11.5

0.78

1.08 9.7E+3 13.3E+3 8points

293

14.10

28

5.39

608

11.5

0.58

0.94 7.1E+3 11.6E+3 8points

294

14.10

28

5.39

709

11.5

0.58

0.94 7.1E+3 11.6E+3 8points

295

14.10

28

5.39

800

11.5

0.58

0.94 7.1E+3 11.6E+3 8points

9.4E+3 8points

9.9E+3 8points
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Cont.
Exp

D

H

Q

Ts

Tw

Vn

Vj

Ren

Res

Remark

NO

mm

mm

L/min

ºC

ºC

m/s

m/s

298

14.10

28

4.29

807

11.5

0.46

0.87 5.7E+3 10.8E+3 8points

299

14.10

28

4.29

706

11.5

0.46

0.87 5.7E+3 10.8E+3 8points

300

14.10

28

4.29

610

11.5

0.46

0.87 5.7E+3 10.8E+3 8points

301

14.10

28

3.48

894

11.5

0.37

0.83 4.6E+3 10.2E+3 8points

302

14.10

28

3.48

800

11.5

0.37

0.83 4.6E+3 10.2E+3 8points

303

14.10

28

3.48

706

11.5

0.37

0.83 4.6E+3 10.2E+3 8points

304

14.10

28

3.48

608

11.5

0.37

0.83 4.6E+3 10.2E+3 8points

Notes:
Exp NO

Group number of experiments

D

Diameter of water nozzle

H

Nozzle-to-surface spacing

Q

Flow rate of cooling water

Vn

Jet velocity at the exit of water nozzle

Vj

Jet impingement velocity at the plate surface

Ren

Reynolds number of water jet at the exit of the water nozzle

Res

Reynolds number of water jet at the surface of test plate
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APPENDIX B
DIGITIZED IMAGES OF HEAT TRANSFER

1. Test conditions

NO

136

137

138

Q (L/min)

4.23

7.10

10.50

D(mm)

10.67

10.67

10.67

H (mm)

75.00

75.00

75.00

TTss(ºC)
(ºC)

699.00

706.00

701.00

TTww(ºC)
(ºC)

16.00

16.00

16.00

Vn(m/s)

0.79

1.32

1.96

Vj(m/s)

1.45

1.79

2.30

Ren

7373.08

12375.63

18301.98

Res

13524.54

16784.13

21529.36

Prandtl No

0.84

0.84

0.84

Parameters

2

Notes: Kinematic viscosity of water at 16 degree = 1.141*10^6 (m /s);

Appendix

173

2. Digitized images of heat transfer

Test 136
(Vn = 0.8 m/s, D = 10.67mm, Ts = 699 0C, Tw = 16 0C)
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Test 137
(Vn =1.32 m/s, D = 10.67mm, Ts = 706 0C, Tw = 16 0C)
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Test 138
(Vn =1.96 m/s, D = 10.67mm, Ts = 701 0C, Tw = 16 0C)
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Notes:
The number on the image indicates the time when the image was taken (Unit:
millisecond).

Appendix

178

APPENDIX C
DATA RPROCESSING PROGRAM

(1) Flow diagram of the heat transfer calculation with programs

File

T_calc.f90

Input.txt

Program

Notes

T_rawy.f90 Temperature distribution (T - r)

T_2plot1.f90 Isotherms and heat flux (q" – t)
IsoT_plot.f90 Space-time temperature distribution
(

Output.txt

HeatTr.f90

T − Ts
- t - r*)
T − Tw

Calculation of heat transfer rate (q)

Nuss1.f90

Calculation of Nusselt Number (Nu – t*(tg/Vj)

Nuss3D.f90

Nusselt Number distribution against t* and r*
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(2) Diagram of input.txt
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(1): Test No
(2): Flow-rate
(3): Nozzle diameter
(4): Nozzle-to-surface
space
(5): Initial temperature
(6): Cooling temperature
(7): Cooling starts
(8): Cooling ends

(1)

(2)

273

8.88

0.05

816.73 816.88 812.77 817.85 818.60 824.44 819.42 820.85

0.10

816.73 816.81 812.77 817.85 818.60 824.36 819.42 820.77

0.15

816.58 816.73 812.70 817.78 818.53 824.36 819.28 820.70

10.67 39

Temperatures
before
cooling

19.90 789.02 789.84 789.98 791.84 793.70 794.37 794.67 795.56
19.95 788.80 789.09 789.17 791.62 793.40 793.55 794.44 795.26
20.00 787.98 788.35 788.65 791.54 792.06 792.73 794.22 795.04
Temperatures
during
cooling

27.80 393.41 397.60 408.51 430.55 447.80 539.32 604.44 706.38
27.85 392.32 396.37 407.35 429.26 446.72 537.38 602.35 705.50
27.90 391.45 395.07 406.13 427.82 445.43 535.66 600.42 704.63

126.90 522.27 525.64 529.65 530.65 540.60 548.55 546.19 562.01
126.95 522.27 525.71 529.65 530.58 540.53 548.41 546.12 562.01
127.00 522.34 525.78 529.72 530.65 540.53 548.41 546.05 562.01

Temperatures
after
cooling

